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The purpose of the work in this thesis was to evaluate the role of mechanical 
loading in general, and muscle forces in particular, in the etiology of cervical spine 
degeneration and neck pain. The following hypothesis was tested that an overlap 
exists between the range of values of peak compressive loading on the cervical spine 
in-vivo and values of fatigue compressive strength of cadaveric spines of comparable 
age. 
Firstly, cadaveric cervical spines were subjected to complex mechanical 
loading in bending and compression. The elastic limit was reached at 6.7 and 8.4 Nm 
for flexion and extension respectively. Ligaments lying between the spinous 
processes played major role in resistance to flexion (48%) and the apophysial joints 
to extension (47%). Ultimate failure occurred at an average of 2.4 kN, while the 
elastic limit was reached at approximately half of this force. The remaining 
experiments sought to quantify the forces acting on the cervical spine in life and 
EMG model was developed for this purpose. Neck angle measurements were used to 
relate EMG activity with the appropriate isometric EMG-moment calibration, and 
hence peak values of extensor and flexor moment were obtained for each activity. 
Peak compressive forces were determined by dividing these moments by neck 
muscle lever arms, which were identified using open MRI. 
A comparison of typical compressive forces acting on the cervical spine (0.4 
- 1.6 kN) with its compressive strength (2.4 kN on average for ultimate failure, 1.2 
kN for microdamage) suggests that fatigue damage to the cervical spine is a 
possibility, especially when individual (rather than average) values are considered. It 
is concluded that the results of this thesis support the hypothesis. 
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CHAPTERI 
INTRODUCTION: THE BIOMECHANICS OF NECK PAIN 
This chapter is a general introduction to the work described in this thesis. In 
the first section, the problem of neck pain and the factors that may contribute to it are 
discussed. The second section describes the functional anatomy of the neck. The 
third section describes the biornechanics of the cervical spine by considering its 
movement and stability, the forces that act on it, and the mechanisms of injury. The 
final section summarises the preceding information and introduces the research 
questions to be tackled in the present thesis. 
1.1 Neck pain 
Neck pain can be defined as discomfort or (more intense) pain, localised in 
the posterior or lateral regions of the cervical spine, and resulting from the 
stimulation of specialised nerve endings. It can originate from any of the structures in 
the neck as well as from regions near the neck, such as the upper arms, shoulder, and 
bead. Although possible sites of pain within the neck are known, diagnosis and 
treatment of neck pain are difficult clinical issues. Most cases of neck pain are of 
unknown origin, or are attributed to a "whiplash-associated disorder" which itself is 
poorly understood (Bogduk, 1999). Mechanical loading related to life-style, 
occupation, and accidents appears to be an inseparable part of most clinical histories 
of neck pain. Psychosocial factors influence responses to pain, and so are good 
predictors of chronic pain, disability and work-loss (Waddell et al., 199' )). However, 
they explain less than 3% of first-time pain in the case of low back pain (Adams et 
al., 1999; Mannion et al., 1996), and the same may be true of neck pain (Pennie and 
Agambar, 1991). 
1.1.1 Epidemiology of neck pain 
Epidemiology is concerned with the determination of causes, incidence, and 
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characteristic behaviour of disease outbreaks affecting human populations. It 
includes the interrelationship between host, agent, and environment, as related to the 
distribution and control of disease. The number of people in a given population who 
have a syndrome or disease at a particular time is ten-ned the prevalence whereas the 
rate at which new cases occur in a population is termed the incidence. 
The lifetime prevalence of neck pain in European and North American 
populations is as high as 70% (Cote et al., 1998; Makela et al., 1991), with a one- 
year prevalence of approximately 35% being reported in a general adult population 
(Bovim et al., 1994). Between 14% and 20% of people suffer from chronic neck pain 
that persists for more than 6 months (Bovirn et al., 1994; Brattberg et al., 1989; Guez 
et al., 2002), and almost 5% become significantly disabled (Cote et al., 1998). The 
healthcare costs associated with neck pain are also substantial, with a recent study of 
physiotherapy interventions in the UK indicating that neck problems accounted for 
up to 22% of the physiotherapists' workload (Moffett, 200' )). 
The above figures indicate that neck pain is common in industrialised 
societies. However, some people are at greater risk than others because of 
predisposing factors which include occupation, age and gender. There is now 
mounting evidence that physical ly-demanding jobs increase the risk of neck pain 
(Makela et al., 1991; Palmer et al., 2001a; Pennie and Agambar, 1991; Viikari- 
Juntura, 1997), especially if the job involves work tasks above shoulder height 
(Fredriksson et al., 2002; Palmer et al., 2001 b; Viikari-Juntura et al., 200 1) or hand- 
transmitted vibrations (Palmer et al., 2001 a). Paradoxically, sedentary jobs are also 
associated with an increased risk of neck pain especially when they involve 
prolonged computer work or sustained sitting with the neck in flexion (Fredriksson et 
al., 2002; Gerr et al., 2002; Hagberg and Wegman, 1987). In a recent study of Danish 
CAD operators, the 12-month prevalence of musculoskeletal symptoms in the neck 
was reported to be 70%. This was greater than in any other body region, including 
the low back (54%), shoulders (54%), and hand-wrists (52%) (Jensen et al., 1998), 
and was also twice the value reported in a general population (Bovirn et al., 1994). 
Associations between the type of work performed and the type of pathology or pain 
reported lends support to the concept of mechanically-induced neck pain: heavy and 
physical work is associated with cervical spondylosis (Hagberg and Wegman, 1987; 
Viikari-Juntura, 1997), whereas static work is associated with tension neck syndrome 
or myalgia (Grieco, 1998; Hagberg and Wegman, 1987). In the case of heavy work, it 
is possible that the loads applied to the cervical spine may rise to sufficiently high 
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levels to cause fatigue damage over a period of months or years. However, high 
levels of neck pain in computer workers are unlikely to be caused by mechanical 
injury. In such occupations, it is more likely that prolonged static loading due to 
stabilising activity in the muscles of the neck has adverse effects on the intervertebral 
disc, as discussed below. 
Other factors which appear to influence the risk of developing neck pain 
include gender and age. The lifetime prevalence of neck pain in women was found to 
be 48% compared to '38% in men (Guez et al., 2002). Chronic neck pain, defined as 
continuous pain of more than 6 months duration is also more common in women 
(13.5%) than in men (9.5%) (Makela et al., 199 1). If only moderate or extreme pain 
are considered, then a higher prevalence is again found among women (10.4%) than 
in men (6.2%) (Vogt et al., 2003). The lifetime prevalence of neck pain was shown to 
increase with age up to about 65 years and than decrease (Guez et al., 2002; Makela 
et al., 1991), and a similar relationship with age was observed for the prevalence of 
chronic neck pain (Guez et al., 2002). A 12.5% prevalence of chronic neck pain was 
found in a population of 70-79 year-olds (Vogt et al., 2003 )) compared to a 14-20% 
prevalence in a population of 30-64 year-olds (Bovim et al., 1994; Brattberg et al., 
1989). Surprisingly, if only moderate to extreme neck pain is considered, then 
prevalence rates do not vary with age (Cote et al., 1998). The prevalence of neck 
pain in adolescents has increased steadily in recent years, at least in Finland (Hakala 
et al., 2002), suggesting that neck pain will become an even greater problem in the 
future. 
Generally, epidemiological studies suggest that neck pain, and pain referred 
from the neck to the upper back and the head, is a large and increasing problem in 
western societies. The number of people suffering from neck problems is still 
increasing such that neck pain is becoming as great a medical problem as low back 
pain. It is already one of the major diseases in terms of absence from work, and is so 
widespread that it is almost universal. Unfortunately, all the numbers from these 
epidemiological studies imply that the neck pain "outbreak" is still to come. 
1.1.2 Possible causes of neck pain 
Pain has been defined as "an unpleasant sensory and emotional experience 
associated with actual or potential tissue damage, or described in terms of such 
damage". The actual tissue damage can be caused by sudden overload (usually 
accidental) as well as prolonged loading at a sufficiently high level (usually 
-I 
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repetitive physical work). This prolonged and repetitive loading initiates mechanical 
fatigue to the tissue. In the lumbar spine, it has been shown that prolonged 
mechanical in-vitro testing alters significantly both elastic and viscoelastic properties 
of the disc (Johannessen et al., 2003). The same is probably true for the cervical 
spine. Another possible cause of neck pain is due to muscular fatigue, which is the 
eventual decline in muscle tension resulting from maintained muscle contraction. 
Some muscles fatigue rapidly, but also recover rapidly. Other muscles fatigue more 
slowly, and take much longer to recover. Regular exercise can make muscles more 
resistant to fatigue by increasing the blood supply and the number of mitochondria. 
On completion of the recovery process, the muscular pain disappears. 
In principle, any innervated anatomical structures could be a source of pain, 
and within the neck these include muscles and tendons (Winkelstein et al., 2001), 
intervertebral discs and longitudinal ligaments (Groen et al., 1990; Siivola et al., 
2002; Uhrenholt et al., 2002; Vaccaro et al., 2001), and apophysialjoints (Bogduk 
and Yoganandan, 2001; Cailliet, 1990; Speldewinde et al., 2001). This does not mean 
that any damaged or degenerated tissue is a definite source of pain because changes 
in spine mechanics can lead to damaged tissues being "stress-shielded" by adjacent 
healthy tissues (Pollintine et al., 2004a). For example, a recent study on lumbar 
motion segments in our laboratory showed a load-bearing shift from the 
intervertebral disc to the neural arch in old and degenerated spines. Non-nally, the 
neural arch resists less than 20% of the compressive force acting on the spine up to 
the age of approximately 50 years, but neural arch load-bearing increases to 40-90% 
in spines aged 60-90 years, especially in those with severely degenerated discs 
(Pollintine et al., 2004b). This posterior shift of the compressive load onto the neural 
arch reduces the load on the disc and vertebral body which may explain why old and 
degenerated lumbar discs are often asymptornatic. However, increased neural arch 
load-bearing may lead to osteoarthritis (OA) of the apophysial joints in the future, a 
possibility which is supported by strong associations between spondylosis of lumbar 
discs and apophysial joint OA (Butler et al., 1990). 
With regard to neck pain, there is a widespread belief that it can be caused by 
a combination of mechanical loading and aging, which lead to degenerative changes 
in the muscles, ligaments, nerves, bones and joints of the spine. Degenerated tissues 
are often structurally disrupted, and they can become vulnerable to further 
mechanical disruption even during normal daily activities, when levels of loading are 
not particularly high. This is especially the case in older people. Cervical spondylosis 
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is one of the most comprehensive examples of such a degenerative process. 
Typically, it begins in the intervertebral disc and subsequently involves other tissues, 
such as the articular cartilage of the apophysial joints, and the bones of the cervical 
spine, including the processes. In degenerated discs, normal height is decreased, and 
in the lumbar spine this causes increased load-bearing by the neural arch (Pollintine 
et al., 2004b). The latter may increase stress in the apophysial joints and cause 
pressure on the nerve root resulting in sciatic pain. It is possible that similar changes 
may occur in the cervical spine and that, as a result, various pathologies could 
emerge, such as cervical radiculopathy (pinched nerve in the neck) (Figure 1.1 ), or 
cervical stenosis (narrowing of the spinal canal) leading to myelopathy (degenerative 
changes arising from pressure on nerves in the spinal canal). These all may be caused 
by cervical disc herniation, osteoporosis, osteoarthritis, osteophyte forrnation, or 
: -: r 
Figure 1.1 Pinched nerve in the neck (Taken 
from http: //Ww-w. allabozitbackpain. com). 
arthritic spurs. Furthermore, mechanical damage to the cervical spine as a result of 
high accidental overload is very common and this is discussed in more detail below. 
It is also possible that sustained loading can cause pain and/or degeneration 
even in the absence of damage. Under sustained loading, intervertebral discs lose 
fluid (Botsford et al., 1994; McMillan et al., 1996a), and in the lumbar spine this 
results in abnormal stress distributions resulting in peaks of compressive stress in the 
annulus (Adams et al., 1996a) and increased load-bearing by the neural arch 
(Pollintine et al., 2004a). If such an effect occurred in the cervical spine then it is 
conceivable that such concentrations of compressive stress could give rise to pain. 
There may also be longer-term detrimental effects associated with prolonged static 
loading because of its effects upon cell metabolism. In disc cells subjected to 
sustained periods of static loading in culture, collagen and proteoglycan synthesis 
was inhibited when compared to cells subjected to repetitive cyclic loading (Ishihara 
et al., 1996). Animal models of disc degeneration report similar findings (Hsieh and 
5 
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Lotz, 2003; Hutton et aL, 1998; latridis et al., 1999; Lotz et al., 1998). Sustained 
loading may also influence disc cell metabolism by decreasing water content and 
pore size in the matrix, and thereby interfering with metabolite transport. Inadequate 
metabolite transport is closely linked to cell death and degenerative changes in 
lumbar discs (Bibby et al., 2002; Horner and Urban, 2001). Prolonged periods of 
static loading in life may therefore inhibit cell metabolism in the disc leading to 
longer-term degenerative changes. 
1.2 Functional anatomy of the neck 
The neck includes the cervical spine and surrounding soft tissues such as: 
muscles, ligaments, tendons, nerves and blood vessels. The cervical spine is made up 
of the first seven vertebrae of the spine (CI-C7) running down from the skull. 
Functional and anatomical considerations suggest that the cervical spine can be 
divided into two parts: upper (CI-C2) and lower (C3-C7) (Figure 1.2). The upper 
part is unique because the first cervical vertebra (or atlas) has no vertebral body and 
is simply a ring of bone which rotates around the vertical odontold process of the 
second vertebra (axis). This arrangement gives Cl-C2 the greatest range of axial 
rotation in the whole spine. In the lower cervical spine, all vertebrae are similar and 
there are only minor differences in the shape and functional mechanics. The various 
structures of a typical lower cervical vertebra are shown in Figure 1.3. The spinous 
Figure 1.2 Division of the cervical spine 
into upper (1) and lower (2) regions 
(Takenfi-om Kapandji, 1974a). 
spmous process 
vextebf 81 
1 andf, a. 
fate-men : uti C ul ar pi 0C Pý S 
Lan-sn'-fs e 
PT C, C P, sS 
vprlebtal 
body 
Figure 1.3 Cei-vical vei-tebra (C-1) 
(Taken fi-om Snell, 1995). 
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process, lamina, articular processes, and transverse processes make up the neural 
arch, which together with the vertebral body form the vertebral foramen to provide 
protection for the spinal cord. 'rwo adjacent vertebrae with the intervening disc and 
ligarnents constitute a motion segment, which is the basic functional unit from a 
L 
biornechanical point of view (Figure 1.4). 
A 
Figure 1.4 Lateral (7eff) and axial views of a fYPical cervical motion segment: A) 
anterior longitudinal ligament, B) anterior annulusfibrosus, C) posterior annulus, D) 
posterior longitudinal ligament; E)Jacel capsules; F) apophysial joints, G) ligamenizan 
flavum, 11) interspinous ligament (Takenftom Ghanayem ef al., 1998). 
In this thesis, mechanical experiments were performed on lower cervical 
motion segments (between C2-3) and C7-TI), so their functional anatomy will be 
discussed in some detail. Studies on the lumbar spine over the few past decades have 
provided a large amount of quantitative data concerning motion segment structure 
and biomechanical function. However, the cervical spine has been studied rather less, 
presurnably because both these regions of the spine are sufficiently similar (both are 
maintained in lordosis in upright postures, and both have no ribs) that it was thought 
that data obtained for the lumbar spine could be adequately applied to the cervical 
spine also. However, there are major differences in anatomy and mechanics. Forces 
transmitted through the cervical spine are lower due to lower superincumbent body 
mass, and ranges of movement tend to be higher to provide better flexibility and 
range of motion, which enables necessary infori-nation to be collected by the special 
sense organs (eyes, ears, nose, etc. ). 
In recent years, attention has turned to explore the anatomy of the cervical 
7 
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spine and how this relates to its biornechanical function (Bogduk and Mercer, 2000; 
Mercer and Bogduk, 1999). These and other studies confirm that there are 
similarities between the cervical and lumbar regions of the spine: in both cases, load- 
bearing is transmitted by cartilaginous intervertebral discs between the vertebral 
bodies; synovial joints between their articular processes (apophysial joints) provide 
stability; and ligaments of the cervical spine, like those of the lumbar spine, bind the 
vertebrae together, and in association with paravertebral muscles prevent injurious 
motion between vertebrae. However, there are also some evident differences also, 
such as uncovertebral joints and disc structure (Mercer and Bogduk, 1999; Mercer 
and Bogduk, 2001), and these will be discussed as each tissue is considered below. 
1.2.1 Intervertebral disc 
The anatomy of the intervertebral disc in the lumbar spine is well 
documented but recent anatomical studies on the cervical spine indicate that cervical 
discs are somewhat different. In the cervical spine, each intervertebral disc consists 
of the nucleus pulposus (NP) surrounded by the annulus fibrosus (AF) and periosteo- 
fascial tissue in the unco-vertebral region. This arrangement is different in lumbar 
discs, where the nucleus is fully surrounded by a well defined annulus. The 






Figure 1.5 Top view of a cervical disc with surrounding tissues: ALL - anterior 
longitudinal ligament and its alarfibres AA; PLL -posterior longitudinal ligament and 
its alar fibres PA; PF - periosteofascial tissue; a- anterior annulus; p- posterior 
annulus; np- nucleus pulposus; fc - fibrocartilaginous layer; u- unco-vertebral region 
(A daptedftom Mercer and Bogduk, 1999). 
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The NP in young lumbar discs is about 50% of the entire disc volume, but in 
the cervical region the same NP occupies less than 25% of disc volume. This could 
possibly have an effect on the nutrition of the cervical nucleus pulposus, because 
nutrients have relatively more annulus to cross to reach the nucleus. The 
intervertebral disc in any region of the spine is a large avascular tissue, and so 
nutrition is provided by diffusion and by the exchange of fluid between the disc, 
predominantly the NP, and its surrounding environment. The NP is composed of a 
semi-fluid matrix, which contains proteoglycans (PGs), water, a few cartilage cells, 
and some irregularly arranged collagen type 11 fibres. Water is expelled from the disc 
under compressive pressure when loading is applied during the course of the day, 
and then it is attracted back into the disc during overnight rest by the hydrophilic 
nature of the PGs, which generate a high osmotic pressure. The PG content of the 
disc alters its hydration capabilities reflecting the lower PG content with age, and in 
the lumbar spine young and old disc contain 90% and 75% of water respectively 
(Cailliet, 1990). Such a composition ensures that the nucleus has very low rigidity, 
deforrns easily, and equalises stresses within it when loading is applied: effectively it 
behaves like a fluid (Adams et al., 1996b; McNally and Adams, 1992; Nachemson, 
1981). However, it was shown that in the lumbar region, if loaded rapidly, small 
samples of NP can resist considerable shear stresses and behave more like a 
viscoelastic solid (latridis et al., 1996). This is due to the collagen network, which 
limits the amount of deformation. Interestingly, consistently higher concentrations of 
collagen were found in the cervical NP compared to lumbar and thoracic regions, and 
this was confirmed for infants, children, and adults (Scott et al., 1994). Therefore, a 
soft viscoelastic solid behaviour is more likely in the cervical NP. Moreover, it has 
been shown that with aging the cervical NP rapidly undergoes fibrosis such that by 
the third decade there is barely any nuclear material distinguishable (Oda et al., 
1988). However, Skrzypiec using a stress profilometry technique developed in our 
laboratory (McNally et al., 1992) measured equal pressure vertically and horizontally 
inside some cervical discs when motion segments were loaded in compression 
suggesting clearly the existence of a hydrostatic nucleus pulposus (Skrzypiec, 2001; 
Wigfield et al., 2003). 
As mentioned earlier, the cervical NP is surrounded by the AF, except 
postero- laterally. Similar to lumbar discs, the AF consists of sheets of collagen fibre 
bundles attached to the vertebral bodies and end-plates. However, Mercer and 
Bogduk reported differences in direction of annulus fibres when compared to the 
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lumbar discs (Mercer and Bogduk, 1999). Furthermore, the anterior and posterior Al-' 
(Figure 1.6) differs distinctly in their size and structure (Figure 1.7). The anterior AF 
consists of four layers. Starting from the outermost layer, the collagen fibres are 
attached to the edges of the vertebral bodies and pass inferiorly and diverge laterally 
(Figure 1.6 A). Deeper fibres in the middle two layers are arranged similarly to those 
of the lumbar disc (Figure 1.6 B, Q. However, they do not pass one another in 
separate laminae, but interweave distinctly and tightly in a decussated manner. 
Beyond 2rnm to 3mm from the surface of the anterior annulus, fibres are increasingly 
embedded with proteoglycans to form a homogenous fibrocartilaginous mass that has 
a pearly appearance and the consistency of soap (Figure 1.6 D). This mass consists of 
Figure 1.6 The anterior annulus f1brosus: A) Figure 1.7 Vertically orientated 
transitional fibres, - B) supetficial fibres, - C) fibres of posterior annulus 
deeper fibres; D) fibrocartilaginous core fibrosus (Taken ftom Mercer 
(Takenfi-om Mercer and Bogduk, 1999). and Bogduk, 1999). 
larnellae where the dominant tissue is a proteoglycan matrix. The posterior AF 
extends between the bases of the uncinate processes on each side and consists of one 
thin layer (less than Imm thick) of vertically orientated fibres (Figure 1.7). 
The cartilage end-plates mark the superior and inferior boundaries of the disc. 
They cover most of the vertebral body apart from a peripheral area of bone into 
which the outer annulus fibres attach directly. The end-plates are composed of a 
mixture of hyaline cartilage next to the vertebral body and fibrocartilage next to disc. 
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The attachment of the annulus to the end-plates causes thern to be strongly bound to 
the intervertebral disc but weakly attached to the vertebral bodies. This is the main 
reason why end-plates are regarded as a continuation of the intervertebral disc rather 
than a part of the vertebral bodies (Bogduk, 1997). In the cervical spine, the superior 
end-plate is thicker in the posterior region (0.74-0.89 inin) compared to the anterior 
region (0.44-0.56 rnrn), which is opposite to the inferior end-plate: (0.61-0.81 and 
0.49-0.62 min respectively). In the central region, the superior end-plate is thinner 
than the inferior endplate: 0.42-0.58 and 0.53-0.64 mm respectively (Panjabi et al., 
2001 a). 
1.2.2 Apophysial Joints 
The articular processes of adjacent vertebrae are joined by joint capsules, 
which are attached around the margin of the apophysial joints (AJ). Capsules have 
localised thickenings ("capsular ligarnents-) which resist flexion movements. Each 
articular surface is covered by a thin layer of hyallne cartilage. Most cervical AJ 
surfaces are orientated predominantly in the coronal plane, and are tilted by 50 - 
60 degrees frorn the horizontal plane. At the C2-3 level, however, they are inclined 
medially by about 40 degrees (Bogduk and Mercer, 2000). This unique morphology 
of C2 is shown in Figure 1.8. Furthermore, the AYs resist compressive loads 
Figure 1.8 Posterior view of the upper cervical 
spine, showing the morphology of C2 (shaded). 
Apophysial joints at lower levels are orientated 
Iransversely whereas at C213 they are inclined 
medially (Taken fi-om Bogduk and Afercer, 
2000). 
depending on the position of the cervical spine (Ghanayem et al., 1998) and play a 
major role in extension. In the cervical spine, the AJs allow more movement when 
compared with those in the lumbar or thoracic spine, resulting in the greater 
flexibility associated with this region of the spine. 
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1.2.3 Ligaments 
There are five ligaments in the cervical motion segment: anterior longitudinal 
ligament, posterior longitudinal ligament, ligamenturn flavurn, interspinous ligament, 
and nuchal ligament (Figure 1.4). 
The nuchal ligament runs along the bifid spinous processes of adjacent 
cervical vertebrae to prevent excessive flexion. Interestingly, it sometimes exists 
only in a residual form. 
The interspinous ligament connects the spinous processes of adjacent 
vertebrae vertically to prevent separation of spinous processes in hyperflexion. 
The ligamenturn flavurn is a short, but thick, ligament that connects the 
laminae of adjacent vertebrae. This ligament lies immediately behind the vertebral 
canal to resist excessive separation of the vertebral lamina. It is a very deforinable 
ligament, which is prestressed in most postures, and so rarely if ever becomes slack. 
This ensures that it never buckles forwards in extension, where it could impinge on 
the spinal cord. At the same time, these elastic properties allow the ligamenturn 
flavurn to assist in straightening of the neck when the head is raised from a flexed 
position. 
The posterior longitudinal ligament covers all levels of the cervical spine and 
consists of superficial, intermediate, and deep layers. The superficial layer may be 
divided into a central layer, where longitudinally directed fibres connect a variable 
number of segments, and a lateral layer, where fibres sweep out from a central band 
to cross the intervertebral disc and attach to the base of the pedicle one or two 
segments below. The intermediate layer of the posterior longitudinal ligament 
consists of longitudinal fibres that span only one intervertebral disc, and the deep 
layer consists of short fibres that span each intervertebral disc. 
The anterior longitudinal ligament also covers all levels of the cervical spine 
and consists of superficial, intermediate, and deep layers, as well as a further 
additional layer. The superficial layer comprises fibres which run longitudinally 
crossing several segments and are attached to the central areas of the anterior 
surfaces of the vertebral bodies. Fibres of the intermediate layer are also orientated 
longitudinally, but are distinctly shorter so that they cover one intervertebral disc and 
insert into the anterior surfaces of the adjacent vertebral bodies, but never further 
than half way up or down that surface. The deep layer consists of even shorter 
longitudinal fibres, which span one disc but attach just cranial or caudal to the 
inferior or superior margins of the adjacent vertebral bodies. The additional layer, 
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which is the deepest layer adjacent to the intervertebral disc, consists of fibres with 
an alar disposition, arising from the anterior surface of the vertebra above, close to its 
inferior margin. These fibres pass inferiorly and laterally over the disc to insert into 
the vertebra immediately below its superior margin. The most lateral fibres reach the 
summit of the uncinate process. 
1.3 Biomechanics of the cervical spine 
The function of the neck is to support the weight of the head while allowing a 
sufficient amount of motion in flexion and extension as well as in rotation and lateral 
bending. Head movements are executed and controlled by muscles and tendons but 
the amount of motion is limited by the shape and structure of the cervical vertebrae 
and by the connecting intervertebral discs and ligaments. The cervical vertebrae also 
provide protection for the spinal cord, which is an important function of the entire 
vertebral column. The main aim of this section is to describe the movements of the 
cervical spine, the forces that act on it, and mechanisms of injury. 
1.3.1 Movements and stability 
As explained above, an intervertebral disc and adjacent vertebrae comprise a 
basic functional unit called a motion segment. Almost 40% of the height of the 
cervical spine from C2 to C7 is made up of intervertebral discs, whereas in lumbar 
and thoracic regions discs comprise is .3 )0% and 
20% respectively (Kapandji, 1974a). 
Therefore, it is not surprising that this is the most mobile region of the spine. 
Radiography perfon-ned on healthy subjects in the sagittal plane in-vivo, in extreme 
positions of flexion and extension, shows the full range of flexion-extension of the 
whole cervical spine to be around 130', with 100-110' in the lower and 20-3 )0' in 
upper cervical spine (Kapandji, 1974a). More recently data obtained using the same 
technique shows the full range of flexion-extension movement to be 106±1 3 )0 for 105 
volunteers aged 21-64 years (Wolfenberger et al., 2002). Interestingly, this range of 
movement was significantly higher for women (I I I') than for men (1020), and in 
people in their 20s (113') compared to those over 3 30 years age (101') (Wolfenberger 
et al., 2002). The range of flexion-extension movement for individual motion 
segments has been examined in-vivo using radiography, and varies between 12-230 
(Dvorak et al., 1988). Lateral bending from side-to-side, based on in-vivo 
radiography, is 14' per motion segment on average (Penning, 1978). 
In cadaver experiments, axial rotation from side-to-side varies between 6-140 
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except the CI -C2 articulation, which has no intervertebral disc, and can be rotated by 
more than 80' (Dvorak et al., 1987a). White and Panjabi studied ranges of motion at 
each level of the cervical spine in all three planes and reported values are 
surnmarised in Table 1.1 (White and Panjabi, 1978). Furthermore, each motion 
segment has approximately 7' of movement in each plane in which the discs and 
ligaments provide negligible resistance (Wen et al., 199' )a). This applies to each type 
of movement mentioned above, and the region of 'free play' is known as the neutral 
zone (NZ) (Panjabi et al., 1988b). Stability within the NZ must be provided by the 
musculature. Beyond the NZ, ligaments play a larger role and sectioning of the 
posterior ligaments doubles the range of flexion as well as rotation movement (Wen 
et al., 1993b). 
Cervical Spine 
Flexion-Extension Lateral Bending Rotation 
Level Range Mean Range Mean Range Mean 
(deg) (deg) (deg) (deg) (deg) (deg) 
C2-3 5-23 8 11-20 10 6-28 9 
C3-4 7-38 13 9-15 11 10-28 11 
C4-5 8-39 12 0-16 11 10-26 12 
C5-6 4-34 17 0-16 8 8-34 10 
C6-7 1-29 16 0-17 7 6-15 9 
C7-TI 4-17 9 0-17 4 5-13 8 
Table 1.1 Ranges of motion for each level of the lower cervical spine: data for 
cadaveric motion segments(While and Panjabi, 1978). 
1.3.2 Forces acting on the cervical spine 
A basic understanding of the forces acting on the cervical spine is essential 
for this study. Three main types of force can be distinguished, as indicated below. 
Gravitationalforces 
Gravitational force (Fu) acts downward, through the centre of mass of the 
head-neck segment. Based on Newton's Laws of motion it is defined by the 
following equation: 
FG =m-g, where m is the mass of the head, and g is the acceleration due to 
gravity (g = 9.81 MS-2) 
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Externalforces 
For the purpose of this study, external forces (FE) are treated as those due to 
external objects (such as a ball) and can act in any direction. Their magnitude is also 
defined from Newton's Laws of motion: 
FE =m -a, where m is the mass of object acting on the head-neck segment, 
and a is the acceleration of that object. 
Two examples of external forces are important in rear end "whiplash" 
injuries: the forward shear force exerted by the seat back on the thoracic spine at the 
moment of impact plays a major role in the injury process, and the proximity of the 
head rest to the head is important in preventing such injuries (Tencer et al., 2002). 
Another typical external force is that exerted by a football on the head during soccer: 
this also has the potential to cause injury, neck pain and degenerative changes (Kartal 
et al., 2004). 
Muscleforces 
These act against gravitational and external forces, and against each other. 
Neck muscles, as mentioned before, generate head movements and help maintain the 
stability of the cervical spine. Muscles generally work in groups and can act as the 
main agonist producing the movement, a synergist to the main agonist which helps to 
produce the movement, or as an antagonist that resists the movements. Muscle forces 
are known to generate most of the compressive force acting on the lumbar spine 
(Dolan et al., 1994a; Kingma et al., 2001) and muscle forces are presumably 
responsible for spinal fractures that occur during epileptic fits (Vascancelos, 1973). 
Muscle forces acting on the spine are increased during sudden or alarming incidents 
(Magnusson et al., 1996; Mannion et al., 2000; Wilder et al., 1996), and in vibrating 
environments (Pope et al., 1998b; Wilder and Pope, 1996). During simulated 
whiplash incidents these muscles can be supra-maximally activated compared to 
static contractions (Kumar et al., 2002). Paraspinal muscle forces can also be 
increased by simultaneous co-contraction of flexor and extensor muscles which is 
sometimes required to stabilise the spine. Such "antagonistic" muscle activity in the 
lumbar region can increase spinal compression by up to 45% (Dolan et al., 2001; 
Dolan et al., 1999; Mannion et al., 2000; Wilder et al., 1996). Little is known about 
neck muscle forces, although the neck extensors can generate maximal static 
moments of up to 30-50 Nm (Vasavada et al., 2001), which probably corresponds to 
a compressive force of 1-2 kN acting on the cervical spine. 
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Figure 1.9 Full-wave rectified and averaged EMG activity of three 
neck muscles during attempted FLEXION. 
The activity of muscles when they generate or resist movement can be 
assessed using electromyography (EMG). An example is shown in Figure 1.9, where 
the EMG activity of the stemocleidomastoid (SCM), splenius capitis (SQ, and 
trapezius (TRAP) muscle were recorded simultaneously when a subject attempted to 
flex their neck forward by pulling on a head strap, attached to a load measuring 
device (load cell), with gradually increasing force (see Chapter 6). As the force 
increased during this isometric contraction, so the EMG activity of the main agonist, 
SCM, also increased proportionally. However, much smaller increases in the activity 
of SC and TRAP, which were acting antagonistically, were also observed. The 
opposite effect is seen in Figure 1.10, where the same subject attempted to extend the 
neck by pulling backwards against the load cell. The EMG activity of both neck 
extensors (SC and TRAP) increased in proportion to the force, whereas the activity 
of the flexor muscle (SCM), which was acting as an antagonist, remained low until 
the force was close to maximal levels. One of the objectives of the work described in 
this thesis is to use electromyography to measure the forces acting on the cervical 
spine in living people, taking into account gravitational, external, and muscle forces. 
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Figure 1.10 Full-wave rectified and averaged EMG activity of three 
neck muscles during attempted EA7ENSION. 
1.3.3 Mechanical damage to the cervical spine 
In materials engineering, damage to viscoelastic structures occurs when the 
elastic limit is exceeded and plastic (non-recoverable) deformation takes place. This 
can be defined as a permanently impaired resistance to deformation. This concept 
can be used in living tissues but attention should be given to their healing ability, 
which allows the majority of them to recover when given enough time. Mechanical 
damage in the cervical spine occurs when very high loading is applied which the 
tissues are not able to resist. Based on a3 year review of patients with neck pain, 
Dvorak and co-workers suggested that more than 50% of mechanical injuries are 
from motor vehicle accidents and the rest result from other types of injuries, mainly 
falls and sporting accidents (Dvorak et al., 1987b). One of the most common forms 
of mechanical damage is 'whiplash', which is usually associated with car crashes at a 
low speed, when the head is thrown forward and then backward, or vice versa. Since 
driving has become an every day activity for the majority of people in industrialised 
societies, whiplash has become a major cause of mechanical injury to the neck. Its 
mechanism is a challenging problem in biomechanics and has been widely 
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investigated in recent years. Although whiplash is not the focus of this study, it is 
relevant to the overall biornechanical behaviour of the neck and its associated hard 
and soft tissues. 
The rapid flexion-extension movement that occurs in low-velocity impacts is 
widely believed to cause injury to the soft tissues of the spine. However a recent 
review of 'whiplash' has suggested some new insights into the biomechanics of this 
particular problem. Bogduk and Yoganandan suggest that the cervical spine 
undergoes compression within 150ms of impact, and that this results in buckling so 
that the upper part of the cervical spine is flexed while the lower part is extended, 
and this makes it vulnerable to injury (Bogduk and Yoganandan, 2001). However, it 
is also essential to consider the possible role that muscle forces may play that will be 
generated during rear-end impact. Muscle activation is normally too slow to react 
during vehicle impact if a person has no fore-warning, and their delay has been 
measured as high as 250 ms (Pope et al., 1998a; Pope et al., 1998c). However, other 
studies of neck muscle activity, using fine-wire EMG on healthy volunteers during 
rear-end impact simulation, showed much quicker muscle activation, ranging 
between 35 ms (for semispinalis capitis) to 68 ms (for stemocleidomastoid) after the 
sled acceleration (Delmer et al., 2004; Magnusson et al., 1999). Thus the neck 
muscles could influence the injury pattern. Furthermore, if a person receives some 
warning prior to the impact then it is likely that they will contract their muscles in 
advance of the impact providing greater stability to the spine. This stability would 
reduce high bending moments at the expense of much higher compression forces 
and, depending on whether the cervical spine is extended or flexed, could lead to 
apophysial joint or vertebral body injury respectively. It is shown later in this thesis 
that apophysial joints bear more load in extension whereas intervertebral discs and 
vertebral bodies bear more load in flexion, so these are more likely to be injured 
while high compressive forces are applied. 
1.4 Discussion 
Recent epidemiological findings amongst western societies show that the 
neck pain problem is becoming as important as low back pain. The biornechanics of 
back pain has been studied more extensively in the past few decades and most 
findings were assumed to be applicable to the cervical spine also. Mercer and Jull's 
review of the clinical literature indicates that clinicians have often based clinical 
theories on the assumption that the cervical and lumbar discs do have similar 
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structure (Mercer and Jull, 2000). As described above, recent anatomical studies 
demonstrate significant morphological differences between these two regions, 
therefore the biornechanics of the cervical spine is somewhat different compared to 
the lumbar spine. In the neck, flexibility and range of movement are recognized as 
more important issues than compressive load bearing. It is the most flexible region of 
the spine with the largest range of movement to optimise use of the special sense 
organs (eyes, ears, nose, etc. ) during every day "data" collection. However, it seems 
unlikely that limited flexibility or range of movement would play an important role 
in neck pain. It is widely believed that neck pain is largely mechanical in origin, and 
is precipitated by mechanical damage arising from every day forces acting on the 
cervical spine. However, to our knowledge there has been no attempt to define the 
level of force required to injure the neck in-vivo as has been done previously for the 
lower back (Dolan et aL, 1999; Kingma et al., 2001; Marras and Sommerich, 1991; 
McGill, 1992). The following sections will summarise possible mechanical 
influences in neck pain, present the hypothesis which underlies this thesis, and 
outline the proposed plan of work with its main objectives. 
1.4.1 Summary: mechanical influences in neck pain 
Neck pain can arise from mechanical damage, caused either by a sudden high 
overload incident, or by the gradual accumulation of mechanical wear and tear or 
"fatigue". The weight of the head is too small to threaten the cervical spine, but 
internal muscle forces can be much bigger, and these have been shown to rise to high 
levels in the lumbar spine during sudden movements, or when stability is required, as 
described above. Several attempts have been made to assess neck muscle forces and 
relate them to EMG signals, but only during isometric (static) contractions (Choi and 
Vanderby, 2000; Moroney et al., 1988a; Queisser et al., 1994; Schuldt and Harms- 
Ringdahl, 1988b; Snijders et al., 1991; Vasavada et al., 2001). Dynamic muscle 
forces on the cervical spine have not yet been investigated. The slender cervical 
spine is inherently unstable in its mid-range of movement due to the large neutral 
zone (Moroney et al., 1988b; Wen et al., 1993a), and is likely to require particularly 
high levels of stabilising muscle activity when the head is held upright but 
unsupported, as when driving or working at a computer. Another possible 
explanation for mechanical neck pain is that muscle forces can generate painful 
stress concentrations in innervated tissues, even though they remain below the level 
at which fatigue damage accumulates. There is growing evidence that this can 
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happen in the lumbar spine, especially after sustained loading has expelled water 
from the discs and brought the neural arches closer together (Adams et al., 1996a; 
Pollintine et aL, 2004a). 
1.4.2 Hypothesis 
The mechanisms by which mechanical loading might lead to neck pain must 
remain speculative until the forces acting on the cervical spine during dynamic 
activities in life are actually measured, and compared to the values of fatigue 
compressive strength of cadaveric spines of similar age. Our main hypothesis is that 
an overlap exists between the range of values of peak compressive loading on the 
cervical spine in-vivo and values of fatigue compressive strength of cadaveric spines 
of comparable age. 
If there is an overlap between values of peak force in-vivo, and fatigue 
strength in-vitro, then this would be taken as evidence that repetitive mechanical 
loading could indeed damage the cervical spine in life. The ranges of strength and 
force values will be assumed to reflect the variable effects of genetic inheritance, age 
and loading history on the strength of the cervical spine and its surrounding muscles. 
If our hypothesis is rejected, explanations for "idiopathic" neck pain must be 
sought from evidence of stress concentrations in innervated tissues, from entirely 
biological mechanisms, or from psycho-social influences. 
1.4.3 Outline of plan of work 
The experimental work is divided into in-vitro and in-vivo investigations. 
Firstly, cadaveric cervical motion segments will be subjected to high complex 
loading regimes in order to determine the strength and stiffness of the cervical spine 
in compression and bending, to examine the influence of prolonged creep loading on 
cervical spine mechanics, and to investigate load-sharing in compression and 
bending. Secondly, an EMG model will be created to measure forces acting on the 
cervical spine in-vivo during daily activities. Details are given below, but essentially, 
EMG signals from various muscle groups will be calibrated against moment 
generation by that group. This is done during isometric contractions periormea ai 
different muscle lengths, so that the effect of muscle length on the EMG-force 
relationship can be quantified, as was done previously for the lumbar spine (Dolan 
and Adams, 1993). During dynamic concentric contractions, the EMG-force 
relationship is also influenced by the speed of movement, and a correction factor has 
20 
Chanter 1. Introduction: The Biornechanics of Neck Pain 
previously been measured for the lumbar back muscles (Dolan and Adams, 1993). 
Due to technical limitations, the same correction factor will be applied to the neck 
muscles. Finally, the magnitude of in-vivo peak compressive forces will then be 
compared with the levels required to cause injury or fatigue damage to the cervical 
spine investigated in-vitro. Protocols of all experimental studies are outlined below. 
In-vitro 
Chapter 2: Resistance to bending of the ceri, ical spine motion segment 
Existing biomechanical data concerning the cervical spine has not been 
obtained under realistic conditions involving complex loading in bending and 
compression, and in most cases the loads applied have been insufficient to examine 
the full physiological range of loading. Therefore we will perform our own 
experiments on approximately 20 cervical "motion segments", consisting of two 
vertebrae and the intervening disc and ligaments. Motion segments will be used 
because whole cadaveric cervical spines buckle and twist unpredictably under high 
loading. The slight weakening of certain ligaments caused by dissecting out motion 
segments (Adams, 1995) is a lesser consideration. 
Bending stiffness will be measured during linear ramp load ing/unj oad ing 
cycles applied in a rapid manner, which is appropriate to simulate high forces 
generated by muscles (Dolan et al., 1994a). Bending stiffness curves will be 
continued right up to the elastic limit because this is where the ligaments mainly 
function. It has been shown in lumbar specimens that this limit can be detected with 
only minimal damage to the specimen so that subsequent experiments are not 
compromised (Adams et al., 1987; Adams et al., 1988). Bending moments will be 
applied by the mean of free roller offset to the centre of the disc and 
flexion/extension angle of the specimen will be measured with high accuracy by 2D 
motion analysis system using reflective markers attached to the specimen and 
apparatus. This procedure will be repeated after sequential sectioning of anatomical 
structures to investigate their role in resistance to bending. 
Chapter 3. - Resistance to compression of the cervical spine 
The motion segments used in Chapter 2 will be loaded to simulate moderate 
flexion, the "neutral" posture (no bending), and moderate extension. In each posture, 
a constant compressive load of 200 N will be applied over 20 sec while stress 
profiles that measure the distribution of compressive stress across the intervertebral 
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disc are recorded. These profiles will then be used to determine how compressive 
stress is distributed within the disc, and between the disc and neural arch. Motion 
segment compressive stiffness will also be measured. Motion segments will then be 
subjected to creep loading for 2 hours while positioned in the "neutral" position, to 
simulate prolonged muscle forces acting on the neck during sustained activities such 
as working at a computer, or driving. The applied compressive load will be 
approximately 200 N. At the end of the creep loading period, stress distributions and 
stiffness measurements will be repeated so that the effects of sustained loading on the 
biomechanical properties of the motion segment can be determined 
Chapter 4: Compressive strength of the cervical spine 
Motion segments used in Chapters 2 and 3 will be compressed to failure at 
I kN/sec while positioned in the neutral position. Failure will be defined as a marked 
reduction in specimen stiffness observed in real-time on a force-deformation graph. 
These tests are designed to simulate sudden maximal contraction of the neck muscles 
when the head is upright. It was shown that during epileptic seizures, unrestrained 
muscle contractions can crush vertebrae (Vascancelos, 1973), and lumbar muscle 
forces can also rise to high levels during sudden alarming incidents (Mannion et aL, 
2000). Forces required to damage cervical spine specimens will be compared with 
those calculated to be acting in our in-vivo experiments to indicate the likely margin 
of safety during everyday activities. The likelihood of fatigue failure can be judged 
from this data also, because previous studies on lumbar spine show that the fatigue 
strength of bone and disc tissues is approximately 30-40% of the failure strength 
(Brinckmann et al., 1988; Green et al., 1993). A similar figure is probably applicable 
to the cervical spine. 
In-vivo 
Chapter 5: Neck muscle cross-sectional areas and lever arms in relation to posture 
The purpose of this experiment is to determine how changes in head position 
influence neck muscle lever arms and cross-sectional areas. A secondary purpose is 
to enable these values to be predicted from easy-to-measure anthropornetrical 
variables such as body weight, height, neck circumference, neck skinfold thickness, 
frame size, and lean body mass. 
Twelve subjects will undergo MRI scans in three postures: neutral, full 
flexion and full extension. Sequential scans will be taken in both the midsagittal and 
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transverse planes. Image analysis software will be used to calculate a composite ]ever 
arm at the level of C7-TI for both the extensor and flexor muscle mass in the 
transverse plane, and additional measures from the midsagittal plane. Those 
composite lever arms will be weighted for the relative cross-sectional area of each 
synergistic muscle to reflect their contribution to moment generation. 
Immediately following the MRI scans, cervical range of movement will be 
measured using the "3-Space Fastrak" which records the three-dimensional 
orientation and position of up to four electromagnetic sensors. The angle between 
sensors on the forehead and on the sternum will be used to define cervical curvature, 
and this will be measured in the three postures used in the MRI scanner, and also in 
full flexion and extension achieved in the standing position. This will indicate the 
extent to which the range measured in the scanner represents the full dynamic range 
of movement. 
Anthropornetric measurements will be analysed using stepwise multiple 
regression in order to predict composite muscle lever arms from variables such as 
age, gender and neck diameter. 
Chapter 6: Effects of posture on EMG-moment relationships in the neck muscles 
Muscle length influences both active and passive muscle tension and hence 
the EMG-moment relationship (Dolan and Adams, 1993). This effect will be 
evaluated fully in the same 12 subjects used in the MRI study of Chapter 5. Each 
subject will be secured in a specially designed chair, and will wear a light helmet 
fitted with Fastrak sensors. For extensor calibrations, an inextensible strap attached 
to a load cell will be placed in front of the subject's head, and the subject will push 
backwards with gradually increasing force in order to reach a maximum value over 5 
seconds. For flexor calibrations, the strap will be placed behind the subject's head, 
and subjects will pushing forwards. Extensor and flexor isometric contractions will 
be carried out in 5 different head postures in order to span the full range of cervical 
movement. During each calibration, simultaneous measurements will be made of 
cervical curvature, moment generated, and EMG activity of the neck muscles. 
EMG signals will be processed and analysed in order to determine the 
method that gives the best linear relationship with moment generation, as indicated 
by the R-squared values. Predictions of moment generation will be compared using 
averaged EMG signals from either flexor or extensor sites. It is not intended to 
measure forces in individual muscles: rather, EMG recordings from several skin sites 
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will be used to predict moments generated by the whole group of synergists. 
Previous work on the lumbar spine indicates that skin surface electrodes pick up 
from a relatively large muscle mass, include some deep muscles (McGill et al., 
1996). However, the recorded signal will predominantly reflect superficial muscles 
which also act on the longest ]ever arms and so contribute most to moment 
generation. 
Linear or polynomial curve fitting will be used to determine for each subject, 
the effect of cervical curvature (and hence muscle length) on the gradient and 
intercept of the EMG-moment relationships for both flexor and extensor muscles. 
The gradient represents the moment generated per unit of EMG whereas the intercept 
represents the moment generated in passive tissues in the absence of EMG activity 
(Dolan et al., 1994b). Previous work on the lumbar spine in our laboratory has shown 
that, when the spine is substantially flexed, passive tension in stretched ligaments, 
fascia and muscle can account for 30-35% of the maximum extensor moment 
generated by the back muscles. It is therefore extremely important to include passive 
tension in the model; otherwise the true compressive forces will be underestimated 
towards the limits of motion in flexed or extended postures. 
Chapter 7: Dynamic loading of the cervical spine in-vivo 
EMG activity and cervical curvature will be recorded during a series of 
everyday tasks in the same subjects who participated in Chapter 5 and 6. EMG data 
will be corrected for muscle contraction velocity, as indicated by the rate of change 
of cervical curvature. A correction factor measured in a previous study on the lumbar 
spine will be used (Dolan and Adams, 1993) because of technical limitations in our 
laboratory. EMG corrected for the speed of contraction will be then compared with 
the isometric EMG-moment calibrations obtained from Chapter 6 in order to predict 
peak extensor an flexor moments acting on the neck. 
Moments will be divided by the appropriate muscle lever arms obtained from 
Chapter 5 to calculate the compressive force acting on the cervical spine. Peak values 
of spinal compression will be compared with compressive strength values from in- 
vitro study in Chapter 4. Moments and forces arising from the activity of flexor and 
extensor muscles will be added. 
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CHAPTER2 
RESISTANCE TO BENDING OF THE 
CERVICAL SPINE MOTION SEGMENT 
2.1 Introduction 
As presented in the outline plan of work in the previous chapter, the first 
three experimental chapters in this thesis are based on one large cadaveric 
experiment in which cervical spine motion segments were subjected to a series of 
loading regimes. It is known that injuries to the cervical spine are common 
(Uhrenholt et al., 2002) and are responsible for many cases of severe and chronic 
neck pain (Bogduk and Yoganandan, 2001). The most frequently injured tissues are 
muscles, intervertebral discs and apophysial joints (Bogduk and Yoganandan, 2001; 
Dai and Jia, 2000; Uhrenholt et al., 2002). Great uncertainty surrounds the 
mechanisms of injury to the cervical spine in general, and to the cervical discs in 
particular, and this uncertainty is compounded by a fundamental lack of information 
concerning their normal function. The main aim of this chapter is to investigate how 
various anatomical structures of the cervical spine resist and limit bending. 
Previous investigations into cervical spine function and failure can be divided 
into two categories. In the first, relatively small but precise I y-control led forces and 
bending moments were applied to cadaveric cervical spines in order to measure their 
three-dimensional mechanical responses. These experiments have shown that the 
cervical spine is very flexible, that complex bending and twisting movements are 
coupled to each other, that such movements raise the hydrostatic pressure in the 
centre of the disc, and that mechanical properties vary with spinal level (Miura et al., 
2002; Panjabi et al., 1986; Pospiech et al., 1999). Finite element models have been 
used to explain and extend some of these experimental observations (Kumaresan et 
al., 1999; Kumaresan et al., 2001). 
The second type of investigation has applied higher forces in an attempt to 
simulate realistic injury mechanisms in living people. When large multiple-disc 
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sections of cervical spine are subjected to compressive loading in order to simulate 
direct impacts to the skull, failure of the cervical spine can occur in a number of 
ways (including buckling) and at a wide range of compressive forces (Maiman et al., 
1983; Nightingale et al., 1996a; Nightingale et al., 1996b; Shea et al., 1991). 
In direct attempts to simulate whiplash injuries, whole cadaveric cervical 
spines from CO-TI have been accelerated anteriorly on a horizontal sled, while 
tensioned springs simulate muscle forces, and a weight simulates the mass of the 
head. The sled model of whiplash causes the cervical spine to initially adopt an 
extreme "S" shape curvature followed by general hyperextension (Panjabi et al., 
1998; Panjabi et al., 2004b). Injuries can affect intervertebral ligaments (Ito et al., 
2004a; Ivancic et al., 2004), apophysial joints (Pearson et al., 2004), and 
intervertebral discs (Panjabi et al., 2004a). Injuries tend to be most severe at the C5- 
C6 level, although the upper cervical spine is also threatened by the initial "S" 
shaped distortion (Panjabi et al., 2004b). The sled model is an excellent way to 
simulate whiplash accidents sustained by unsuspecting victims of a rear impact, and 
they are a great improvement on earlier "crash test dummy" experiments which 
simply ignored muscle forces. However, many neck injuries occur in the presence of 
much higher muscle forces than those used in the sled model. The lack of muscle 
forces has previously been justified (Panjabi et al., 1998) on the grounds that 
damaging movements can occur in less than 100 msec, before the neck muscles 
could develop maximal tension. However, as discussed in Chapter 1, some warning 
sound would often allow the victim to contract the neck muscles powerfully in a 
protective reflex before impact takes place (Adams, 1997; Siegmund et al., 2001a) 
and furthen-nore, the most recent studies on the speed of neck muscle activation 
during rear impact shows activation before 100 msec (Dehner et al., 2004). Also, 
injuries can cause the head to be thrown into flexion or lateral bending as well as 
extension. 
The strength in bending of the cervical spine has been investigated by 
applying pure moments to spine specimens of various sizes (Nightingale et al., 
2002). Average bending moments at (complete) failure were 24 Nm in flexion and 
433 Nm in extension for O-C2 specimens, and 17 Nm in flexion and 21 Nrn in 
extension for lower cervical spine motion segments. All strength values refer to 
ultimate ("catastrophic") failure even though there was evidence of injury at lower 
moments, and failure angles were 17-21' for motion segments and 50-56' for the 
larger O-C2 specimens. No allowances were made for the action of the neck muscles, 
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which in life would attempt to prevent excessive bending, and other technical 
difficulties appear to be responsible for the higher strength values for upper cervical 
specimens. 
If muscle forces are not taken into account when attempting to simulate 
spinal injuries on cadaveric material, then most attempts to load the spine heavily 
will result in too much bending, and not enough compression, and the mechanisms of 
injury will differ from those occurring in life (Adams, 1997). Several recent 
experiments have shown the importance of applying complex loading (bending, 
compression and shear) when attempting to simulate physiological cervical spine 
movements (Kettler et al., 2002; Miura et al., 2002) or injury (Crawford et al., 2002; 
Siegmund et al., 2001b; Tencer et al., 2002). Some investigators have used animal 
cervical spines in their experiments (Callaghan and McGill, 2001; Gunning et al., 
2001), but mechanical and morphological differences are considerable (Kandziora et 
al., 2001) and can lead to important differences in mechanical behaviour (Dhillon et 
al., 2001). 
The purpose of the present experiment was to improve on the recent studies 
of bending injuries to the human cervical spine by examining their precise strengths 
in bending when the physiological range of motion is first exceeded, and when 
substantial compressive preloading is present. The point on the load-deformation 
curve where stiffness first decreases marks the elastic limit, and probably indicates 
the threshold of clinically-relevant injury (Yoganandan et al., 1989), so this point 
was carefully recorded. The relative resistance to bending of each structure was also 
recorded, because this has not previously been established for the cervical spine as 
well as for the lumbar spine (Adams et al., 1988; Adams et al., 1994a; Adams et al., 
1980). 
2.2 Materials 
2.2.1 Cadaveric material 
Twelve cadaveric cervical spines, six male and six female, were obtained 
from post mortem rooms. Average age was 73 years (SID 12) and ranged from 48 up 
to 89 years. None of the individuals had a history of traumatic injury to the spine, or 
suffered any long-term disease that is known to influence disc degeneration or bone 
strength. All spines were stored in sealed plastic bags at -20'C for up to one month 
until required for further dissection and testing. 
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A low number of specimens can be justified by very limited source of 
cadaveric material from departmental dissection rooms. Unfortunately, in these 
circumstances it was not possible to perform power analysis to determine the number 
of specimens needed in this study but this will be consider in the future when the 
number of specimens will be increased. This cadaveric study (Chapter 2 and 3) is 
continuing based on three years funding from BBSRC. 
2.2.2 Effect of death and frozen storage 
The effects of death and frozen storage have been investigated previously. 
For example, Panjabi divided spinal specimens into three groups with 0,21, and up 
to 232 days of freezing prior to mechanical testing and found no significant 
differences in physical properties (Panjabi et al., 1985). Furthermore, frozen storage 
had no effect on disc water content (Pflaster et al., 1997) or on compressive stiffness 
or hysteresis when human lumbar motion segments were loaded up to 0.75±0.25 kN 
in axial compression (Smeathers and Joanes, 1988). One study performed on young 
porcine discs reported a significant increase of ultimate compressive load following a 
freeze-thaw cycle (Callaghan and McGill, 1995), but this strange result was difficult 
to explain, and has not been supported by subsequent experiments on human discs, 
where the elastic and creep responses were found to be not significantly effected by a 
freeze-thaw cycle (Dhillon et al., 2001). The latter authors suggested that the 
exceptionally high water content in porcine discs (in comparison with human) could 
have lead to higher ice crystal formation when frozen. Expansion of these crystals 
may initiate structural disruption in various disc structures, with the immature 
porcine endplate being most vulnerable. It is widely believed today that death and 
frozen storage have no significant effect on the gross mechanical properties of 
(human) cadaveric spinal specimens. 
2.2.3 Specimen assessment 
All spines were radiographed laterally prior to dissection in order to gain 
qualitative information concerning disc height, bone density and the existence of any 
gross bony abnon-nalities. In addition, visual observation before and during 
dissection was performed to dissect out those cervical levels which were most 
suitable for experiment. The major criterion to define the most suitable motion 
segment was the disc height, because of the stress profilometry technique (Chapter 3) 
used later during testing. This technique involves multiple insertions of the needle 
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transducer of 0.9 mm in diameter into the disc and tracking along its mid-sagittal 
diameter. A severely narrowed disc would provide less space available between 
vertebrae, so there would be less chance for successful measurements. Furthermore, 
the safety margin was kept high due to the high cost and fragility of the needle 
transducer. 
2.2.4 Dissection 
All dissections were performed using various scalpel blades, and other basic 
tools such as knife, chisel, and a small manual saw. Each spine was thawed at VC 
overnight (about 12h) and then dissected into motion segments consisting of two 
adjacent vertebrae, the intervening disc, the apophysial joints, and the ligaments. 
Muscle tissue was fully removed, and the upper and lower surfaces of each motion 
segment were carefully dissected free from any soft tissue to provide clean firm 
surfaces for specimen mounting. These surfaces would come in contact with dental 
plaster (see next section). Only one specimen could be tested after dissection of the 
whole spine and therefore all other motion segments were stored again at -20'C. In 
total, twenty three motion segments were obtained from twelve spines. Thirteen of 
these were male and ten were female. Most levels between C2-3 and C7-TI were 
represented except C4-5 and C6-7. Level C2-3 was represented by 6 motion 
segments, level C3-4 by 2, level C5-6 by 5, and level C7-TI by 9. Details are shown 
in Table 2.1. 
Specimen 




F-64 C7-T1 1 
M-65 C2-3, C5-6, C7-T1 3 
M-67 C2-3, C7-T1 2 
F-67 C2-3 1 
M-72 C3-4, C5-6, C7-T1 3 
M-74 C3-4, C7-T1 2 
F-79 C2-3, C7-TI 2 
M-81 C2-3, C5-6 2 
F-85 C5-6, C7-TI 2 
F-88 C2-3, C5-6, C7-T1 3 
M-89 C7-T1 1 
Mean±SD=73.2±11.9 Total number of specimens 22 
Table 2.1 Cervical spines were dissected into 22 motion segments 
I 
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2.3 Methods 
2.3.1 Specimen mounting 
Each dissected motion segment was wrapped in cling fili-n prior to mounting 
in order to prevent dehydration. Moreover, wet paper towels were also wrapped 
around them during testing whenever possible. Specimens were secured in two 
aluminium cups containing mildly exothermic "Suprastone" dental plaster (SDS 
Kerr, U. S. A. ). This plaster is characterised by a setting tirne between 8-14 min, low 
setting expansion of maximum 0.07 %, and compressive strength of I 100 kg-cM 
when dry. These properties provided convenient and secure mounting. Furthermore, 
screws were screwed into the transverse processes and hooks were attached to the 
laminae to provide rigidity between bones and plaster as shown in Figure 2.1. 
Figure 2.1 Motion segment 
set in two cups of dental 
plaster. In the lower cup, the 
plaster was shaped around 
ihe spinous process to keep 
ihe inlerspinous ligaments 
clear ofplaster. 
Transverse processes and laminae, which are mostly hard cortical bone, were found 
to be most reliable for anchoring screws and hooks. 
The circular lower and upper cups were 38 and 22 rnm in height respectively, 
and had an inner diameter of 80 mm, which was enough for any cervical vertebrae to 
be immersed in the plaster. Powder plaster was mixed with water in a small bowl 
with approximate proportion of 5: 1, and the upper cup was filled up. The motion 
segment was inverted and its upper vertebra submerged in the cup of plaster. When 
the plaster dried, the lower vertebra of the specimen was similarly secured (right way 
up) in the lower cup of plaster. A clamp with adjustable height was used to hold the 
specimen so that the bisector of the angle between upper and lower end plates was 
parallel to the surfaces of cups. This procedure has previously been shown (with 
lurnbar specimens) to be accurate and reproducible to approximately 2'. 
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Two sets of low-friction rollers attached to the top of the upper cup provided 
the possibility of applying flexion or extension to the specimen while compressing it, 
as shown in Figure 2.2. The use of rollers allows free translational movements 
between vertebrae, and allows the specimen to flex about its natural centre of 
rotation. The offset of the roller relative to the centre of rotation was sufficient to 
ensured that full flexion or extension was reached with a compressive force in the 
region of 200 N, which is appropriate to represent the effects of neck muscle activity 
(Panjabi et al., 2001b). Compressive preload is known to affect bending properties 
(Adams and Dolan, 1991; Janevic et al., 1991; Kettler et al., 2002) The maximum 
allowed angle of flexion or extension was deten-nined by the relative height of the 
front and rear rollers, which was adjustable. This apparatus was sufficient for flexion 
as well as extension because the rollers and base plate could be rotated by 180' about 
a vertical axis passing through its geometrical centre. A full range of roller heights 
was available, but only three were used during this study. These three could create 
angles of 0' for pure compression, and 1.5' or 5' for flexion and extension. 
The weight of the upper part of the apparatus (including upper cup filled with 
plaster, plates, and rollers) was found to be approx. I kg (0.6 kg on anterior half and 
0.4 kg on the posterior half). This exerted less than 10 N of compressive force on the 
specimen. Furthermore, the bending moment arising from the upper cup and rollers 
about the geometric centre of the disc was estimated to be less than 0.1 Nm, because 
the lever arm between the centre of the disc and the centre of mass of the upper cup 
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This example shows pure compression being applied because the two 
sets of low-friction rollers are at the same height. 
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and rollers did not exceed 10 mrn in any specimen. More detailed calculations based 
on the ACAD model showed an even lower maximum bending moment of 0.05 Nm 
arising from the apparatus. For this reason, the compressive force and bending 
moment acting on the specimen from the upper cup and rollers were neglected in 
subsequent calculations. 
2.3.2 Materials testing machine (Dartec) 
Mounted specimens were tested using the hydraulically-driven materials 






controlled loading up to 20 kN with a maximum ram speed of 10 ms- . At the 
bottom, a base plate is fixed to moveable ram, which is capable of vertical 
displacements of up to 100 mm. Ram displacernent is recorded by a linear voltage 
displacement transducer (LVDT). On the top, a load cell fixed to the cross-head 
records vertical force. The cross-head position defines the size of the testing area, 
and screws securing it to the Dartec frame can be unfastened to move the cross-head 
up or down. Furthermore, both the cross-head and the base plate are constructed to 
provide simple mounting of various loading rigs. In our case these were flat square 
plates made frorn steel. 
The Dartec is capable of working in one of two modes: load control or stroke 
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control. In the first, displacement of the ram is not controlled directly and it will 
move until the required (target) load is reached. This mode was used for example in 
creep tests, when a known static load was applied over a prolonged time to simulate 
diurnal changes in the disc. In the second mode, displacement is controlled and the 
loading increases or decreases until the required displacement is reached. However, 
if maximum loading was reached before the required displacement, the ram would 
stop. Displacement control was used for example in compressive overloading, when 
a known displacement beyond the expected limit was applied to create disc failure 
while the force was recorded simultaneously. The actual difference between the two 
modes concerns which variable (force or displacement) is used as feedback to the 
control loop of the machine. 
Furthermore, the Dartec can be controlled manually via its control panel, 
where the LED display shows the current ram position and load-cell force. However, 
only basic control is provided manually, and more complex operations required a PC 
(Viglen, U. K. ) with analogue-digital card (ADC). This ADC is capable of recording 
information about position and force from the LVDT and the load cell respectively. 
Furthermore, it provides the option of simultaneous data acquisition from the Dartec 
and from a needle-mounted pressure transducer during 'stress profilometry', which is 
described in the next section. Custom-made software controls the acquisition of the 
digital data from the ADC, and if required stores it in a suitable format, either on the 
hard drive or floppy discs. Generally, the data were converted from a continuous 
stream to discrete digital signals at a frequency which was controlled via the ADC. In 
our case, a data sampling frequency of 25 Hz was chosen in most experiments. 
The custom-made software allowed any pattern of loading and/or ram 
movements to be input to the Dartec. This time the conversion process was from 
digital to analogue signals. Furthermore, the actual magnitude of the force or 
displacements could be controlled by a potentiometer prior to the signal entering the 
Dartec feedback loop. This option allowed for quick adjustments to the signal, 
without re-entering program variables. The PC with associated software also allowed 
real-time display of the force-displacement data, and the option of defining 
maximum loads and/or displacement. As a result, there was constant monitoring of 
incoming data from the system, and loading from the Dartec could be terminated 
through the keyboard at any time. This function is very important because it provided 
the possibility to observe force-deformation curves in real time so that loading could 
be aborted when the elastic limit was reached. 
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2.3.3 Motion analysis system (MacReflex) 
A single camera MacReflex motion analysis system (Qualisys AB, Sweden) 
was used in 2D mode in order to track movements of the specimen during loading. 
This high resolution optoelectronic device incorporates a specially designed video 
camera which emits and receives infrared light. Reflective markers, which bounce 
the infrared light back to the camera, are used to identify the moving target. The 
system is capable of tracking up to 40 markers simultaneously, at a sampling rate of 
50 Hz, and with a field of view determined by choice of lens. The X and Y 
coordinates of the centre of area of each marker are computed by the system unit of 
the MacReflex, and sent to a Macintosh computer. Subsequently, position data was 
exported to Excel and merged with data from the Dartec in order to derive graphs of 
angular rotation against applied bending moment. 
Thirteen markers were used in this study. Four of them were placed on a flat 
card attached to the Dartec frame and which did not take part in any movement. They 
were used to define a calibration factor in order to convert coordinates data from 
pixels to mm so that the real distances between markers could be calculated. Two 
markers were attached to the bottom plate of the lower cup and two were attached to 
the top plate of the upper cup. Changes in the angle (a) included between the two 
lines representing the cups (Figure 2.4) were computed in order to represent flexion 
and extension angles for the specimen. Further markers were attached to two map 
pins inserted into the lower vertebral body and two in the upper vertebral body. The 
motion of these markers was monitored to make sure that the specimen was mounted 
firmly at each stage of experiment so that there was no movement between specimen 
and cups. Initially, it was intended to use specimen-mounted markers to monitor the 
angles of flexion and extension, but it was found that these measurements were 
noisier, partly because of the smaller distances between these markers, and partly 
because small strains within the vertebral body during loading could be transmitted 
through the inserted map pins and affect the position of the markers. Finally, one 
marker was attached to the centre of the roller which caused the bending in order to 
monitor the size of the lever arm of the applied compressive force relative to the 
centre of the disc. This variable lever ann was required for bending moment 
computations. A full set of markers (excluding calibration markers on the flat card) is 
shown in Figure 2.4. 
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r 
Figure 2.4 Reflective marker placementfor testing the bending properties Q/ 
cervical motion segments. Lateral view qf motion segment, with anterior on 
the left. Flexionlextension angles were computedfrom changes in the angles 
between from cup-mounted markers (a) and specimen- mounted markers 
d- lever arm used to calculate bending moment. 
The MacReflex camera was positioned approximately 1.5 m from the 
specimen, perpendicular to the sagittal plane, and a lens was chosen which gave a 
full field of view of approximately 30 x 20 cm (Figure 2.4). Under these conditions, 
the resolution and accuracy of the system is better than 10 microns (Green et al., 
1994). A 2-D system was chosen because of this high level of accuracy, and because 
our primary interest was to measure movements in the sagittal plane. 
2.3.4 Protocol 
A preliminary creep test (20 N for 15 minutes) was perfonned initially for 
every specimen to expel water from the disc and guard against the possibility of post- 
mortem superhydration, as discussed previously for lumbar specimens (McMillan et 
al., 1996a). This was followed by a prolonged creep test (150 N for 2 hours), which 
aimed to simulate the dehydrating effects of daily loading on the cervical 
intervertebral disc in life. During the course of a day, the height and volume of 
intervertebral discs are reduced by approximately 20% due to loading caused by 
physical activities (Botsford et al., 1994). This corresponds to a reduction in height 
of the human stature of about 15-25 mm (Krag et al., 1990-, Tyrrell et al., 1985) and 
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much of that occurs during the first hour. It has been shown that sustained loading or 
unloading affects the water content and height of lumbar intervertebral discs, and 
disc height in turn affects the bending properties of motion segments (Adams et al., 
1987). Furthermore, after 6 hours of creep loading in lumbar discs, creep slows down 
markedly. There is no evidence that the disc's water content ever achieves 
equilibrium with applied load and it only approaches equilibrium after several hours 
of constant loading. 
In this protocol, 150 N of compressive load was applied according to the 
suggested level of compressive force acting on the cervical spine during normal daily 
activities (Panjabi et al, 2001b). Two hours time was found to be sufficient to 
observe a significant decrease in gradient on the time-deformation curve. 
The bending properties of each cervical motion segment were then 
investigated in three main steps: 
(1) pure compression (calibration) - the specimen was subjected to an axial 
compressive load of 150 N for 10 sec, via two rollers of equal height. 
This force is within the range appropriate to simulate muscle forces when 
the head is held erect (Panjabi et al., 2004a; Panjabi et al., 2001b). The 
positions of markers located by MacReflex were used to define the 
neutral angle (zero flexion or extension) when no bending was applied; 
(2) flexion - the front roller was higher so that the specimen was subjected to 
complex loading in compression and bending during a 5.0 sec linear ramp 
loading-unloading cycle; 
(3) extension -similar to (2) but now the rear roller was higher (as in Figure 
2.4) so the motion segment moved into extension. 
Data from (2) and (3) were merged with respect to the calibration angle to 
define the bending stiffness curves, from full extension to full flexion. Bending 
moment resisted by the specimen was calculated as the vertical compressive force 
measured by the Dartec load cell multiplied by the horizontal lever arm between the 
centre of the higher roller and the geometric centre of the disc. In order to determine 
the resistance to bending of major anatomical structures of the cervical motion 
segment, the bending stiffness curve was obtained at each stage of the experiment as 
shown in the schematic diagram below. The initial condition for specimens in this 
investigation was after the main creep test, which simulates the situation in life 
following prolonged muscle forces acting on the neck during sustained activities 
such as working at a computer, or driving. (The effect of that creep test is considered 
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in detail in Chapter 3). 
2.3.5 Removing anatomical structures 
In the first stage, exposed parts of the spinous processes were removed using 
a small hacksaw, and any ligamentous attachments posterior to the apophysial joints 
were cut. In the second stage, two cuts were made through the superior and inferior 
margins of the apophysial ("facet") joints, and the intervening block of tissue was 
removed. Any remaining ligamentous attachments posterior to the vertebral body 
were also cut at this stage (although the posterior longitudinal ligament was spared). 
Finally, each motion segment was compressed to failure in a5 sec loading/unloading 
cycle. Loading was stopped as soon as the specimen had exceeded the elastic limit. 
2.3.6 Data acquisition and analysis 
Vertical force and ram displacement data were acquired from the Dartec on 
the PC (Viglen, U. K. ) at a sampling rate of 25 Hz. A force-displacement curve in 
flexion or extension was plotted in real time during loading, so that loading could be 
stopped as soon as the specimen reached the elastic limit. Initially, a low vertical 
displacement between 2-6 mm was applied, depending on specimen mobility, and 
based on the first loading/unloading curve, a decision was made about the most 
likely displacement required to reach the elastic limit. If the limit was not reached, 
then a third loading cycle was applied. In this way, the elastic limit was usually 
identified in three consecutive tests as shown in Figure 2.5 and 2.6. The duration of 
each load ing/unloadi ng cycle (5 sec) enabled this limit to be recognised, and loading 
stopped, before the specimen was seriously damaged, so subsequent experiments on 
that specimen were not compromised. In previous investigations, when the same 
procedure was applied to lumbar specimens, the damage sustained at the elastic limit 
was only 2-3% of total resistance to bending (Adams et al, 1987; Adams et al, 1988; 
Adams et al 1994). Figure 2.5 presents a set of raw loading/unloading force- 
displacement curves. Figure 2.6 shows only the loading part of the curves following 
three-point smoothing, and with a6 th order polynomial fitted to the experimental 
data. 
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Figure 2.5 Raw datafrom three consecutive loadinglunloading cycles obtained in 











Figure 26 Sixth order polynomials fitted to three consecutive smoothed loading 
curvesfrom Figure 2.5. The elastic limit is indicated 
Flexion/extension angles and ]ever arm data from the MacReflex were 
combined with force data from the Dartec in order to calculate bending moment vs. 
rotation graphs. These calculations were performed using Matlab (MathWorks, U. K. ) 
as follows. 
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Bending angle (angle offlexion or extension) 
The bending angle (a) was defined as the angle between the two specimen 
cups as defined in Figure 2.4. It is known that: 
tana = 
k-2 - k, where k, and k2 are gradients of the top and the bottom line 
ýI+kj 
kj' 
respectively. These gradients were calculated from the set of simultaneous equations: 














Y2 -YI Y4 - Y3 k, = X2 - X1 and 
k2 = 
X4 - X3 
, where (XI, Yl), (X2, Y2) and 
(X3, Y3), (X4, Y4) were coordinates of markers placed on the top cup (for the top line), 
and the bottom cup (for the bottom line) respectively; b, and b2 are the unknown 




For convenience, the bending angle in flexion was set to be I+kl *k2 
positive and in extension to be negative. 
Bending moment 
The bending moment was computed about the geometric centre of the 
intervertebral disc using the following formula: 
M=F-d, where F is the vertical force applied by the Dartec (in Newtons) and d is 
the lever arm i. e. the horizontal distance from the roller (the point where the force is 
applied) to the centre of the disc as shown in Figure 2.4. Initial lever arm was 
measured with the calliper and then changes during loading, when the roller was 
moving further away from the disc centre, were computed based on the horizontal 
coordinates of the marker placed on the roller. 
The bending moment was computed about the centre of the disc, which was 
assumed to represent the natural centre of rotation. Radiographic studies have shown 
that the natural centre of rotation is on the lower vertebrae, approximately on the 
vertical line with the centre of the disc, midway from its centre up to the upper edge 
(Dvorak et al., 1988). 
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When the bending moment and the bending angle were calculated, the 
bending stiffness curve was merged from the bending stiffness in extension and 
flexion. A typical bending stiffness curve is shown in Figure 2.7, where the negative 
values represents extension and were obtained based on the previously shown curve 
in Figure 2.6. 




E -15 10 
Bending angle (deg) 
Figure 2.7 Bending stiffness curvefor M-65 C7-Tl specimen after the main creep test. 
Negative values represent extension. 
Bending stiffness curves 
A6 th order polynomial was fitted to each bending curve and these were used 
for reading particular values. The maximum flexor moment with corresponding 
flexion angle and the maximum extensor moment with corresponding extension 
angle were both defined for the bending stiffness curve after the main creep test, 
which was the initial condition as explained earlier. The resistance to bending of 
individual anatomical structures was investigated by repeating the bending stiffness 
curves after cutting through the structure, and then comparing the bending moment 
resisted by the specimen at constant flexion/extension angle. The decrease in bending 
resistance was expressed as a percentage of the bending moment resisted by the 
intact specimen at the elastic limit. An exemplar set of bending curves, with 
construction lines indicating loss of resistance to bending, is shown in Figure 2.8. 
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Figure 2.8 Bending stiffness curves for the specimen F-88 C7-TI. Construction lines 
indicate loss of bending resistance and therefore provide information on how much 
resistance to bending is comingfrom the anatomical structure removed AC - after 
creep, - SP - after removal of spinous processesl- AJ - after removal of both apophysial 
joints; DF - after compressive failure of the disc-vertebral body unit. 
2.4 Results 
A full set of bending stiffness curves was obtained for 19 specimens out of 22 
initially dissected. Two specimens were found to be severely degenerated or 
damaged and one specimen was not tested in full due to technical difficulties. All 
mean values presented below refer to these 19 specimens. 
2.4.1 Strength in bending 
After the main creep test, the bending moment at the elastic limit was found 
to be on average 6.7±1.7 and 8.4±3.5 Nm for flexion and extension respectively. Full 
flexion and extension angles were 8.5' (SD 1.7) and 9.4' (SD 1.6) respectively when 
yield point was reached. A matched paired t-test showed that specimens were 
significantly (p<0.05) stronger in extension (8.4 Nm) than in flexion (6.7 Nm) and 
the range of extension (9.5') was significantly (p<0.05) higher than the range of 
flexion (8.5'). Furthermore, male specimens were found to be significantly (p<0.05) 
stronger than female as expected. This disparity results from differences in size as 
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the male cervical spine is larger. At the same time, there was no significant (p>0.05) 
difference found between male and female specimens in terms of flexion or 
extension angle. Detailed data for all specimens are shown in Table 2.2. 
Values at the elastic limit (after the main creep test) 
Specimen Flexion Flexion Extension Extension Moment (Nm) Angle (deg) Moment (Nm) Angle (deg) 
F64 C7-T1 7.80 6.0 -6.22 -9.7 
F67 C2-C3 5.04 8.9 -4.50 -6.0 
F79 C2-C3 4.98 9.7 -6.04 -10.2 
F79 C7-T1 7.07 8.3 -6.93 -8.9 
F85 C5-C6 5.75 9.0 -8.09 -12.7 
F85 C7-T1 6.49 7.0 -8.33 -9.4 
F88 C2-C3 5.64 8.7 -7.23 -8.2 
F88 C5-C6 5.58 11.1 -7.02 -8.0 
F88 C7-T1 5.96 7.0 -7.74 -8.8 
Mean±SD 6.0 ± 0.9 8.4 ± 1.6 -6.9 ± 1.2 -91 ± 1.8 
M65 C2-C3 5.10 8.5 -7.23 -6.9 
M65 C7-T1 11.88 6.6 -17.43 -11.0 
M67 C2-C3 6.25 10.3 -5.60 -9.1 
M67 C7-T1 9.02 5.1 -11.67 -9.3 
M72 C3-C4 6.04 10.3 -10.59 -11.4 
M72 C5-C6 6.96 8.3 -12.33 -11.4 
M72 C7-T1 8.43 7.1 -14.09 -9.6 
M74 C3-C4 7.37 11.3 -2.90 -10.9 
M81 C2-C3 6.40 9.6 -6.71 -9.9 
M81 C5-C6 5.82 8.4 -8.09 -8.2 
Mean±SD 7.3 ± 2.0 8.6 ± 1.9 -9.7 ± 4.4 -9.8 ± 1.5 
M+ F* 6.7 ± 1.7 8.5 ± 1.7 -8.4 ± 3.5 -9.5 ± 1.6 
p 0.047 0.432 0.042 0.194 
Table 2.2 Flexion and extension data at the elastic limit. The mean and 
maximum values are shown in bold. * Data for all specimens, male andjemale. 
P values refer to one-tailed unpaired 1-testsfor comparison between male and 
female. 
The relationships between strength in flexion/extension and age were 
investigated. However, due to insufficient number of specimen these were found to 
be weak (R 2 <0.2) for both male and female when considered separately as well as 
together (see Figure 2.9 and 2.10 for details). Furthermore, all relationships were 
found to be not significant (P>0.05) except just for females in extension (P=0.0 16), 
which surprisingly shows an increase in strength with age (see details in Figure 
2.10). This unexpected relationship was also found to be the strongest, with R- 
squared value above 0.5. Overall, a tendency for the strength in bending to decrease 
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with age exists and possibly it would be stronger and statistically significant for a 
larger number of specimens. 
12 X All: y= -0.09x + 13.29 
2 







0 Fe nia le y=-0.03x+8.66 R 
2=0.10 P--0.400 
X Male yý0.13x+16.77 
R2=0.15 P=0.266 
0 
60 70 80 90 
Age (yeats) 
Figure 29 Relationship between age and strength in flexion. The linear 
regression shown here isfor all specimens. Parametersfor regressionsfor male 
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Figure 2.10 Relationship between age and strength in extension. The linear 
regression shown here isfor all specimens. Parametersfor regressionsfor male 
andjemale separately are included 
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2.4.2 Resistance to bending 
Flexion was resisted mostly by ligaments between the spinous processes 
(48%) and extension was resisted mostly by apophysial joints (47%). The 
intervertebral disc provided more resistance to extension (30%) than flexion (23%). 
Compressive overload and damage to the endplate caused a further reduction in 
resistance to bending of the remaining vertebral body-disc-vertebral body unit: this 
resistance fell by 36% in flexion and 26% in extension. The average values of the 
resistance to bending of each anatomical structure is shown below in Table 2.3 and 
the full set of data for all specimens is shown in Table 2.4 for flexion and Table 2.5 
for extension. 
Anatomical Structures Flexion Extension 
Spinous processes & interspinous ligaments 48 23 
Apophysial joints & ligaments 29 47 
Intervertebral disc 23 30 
Total 100 100 
Reduction in disc's resistance to bending 36 26 
after compressive failure 
Table 23 Average resistance to bending of investigated anatomical structures. 
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Resistance to FLEXION at the elastic limit (after main creep test) 
Intact 
Specimen specimen 
P SP AJ AJ DF DF 
(Nm) (Nm) (N m) (Nm) 
F64 C7-T1 7.80 3.17 59.36 0.40 35.51 0.28 30.00 
F67 C2-C3 5.04 3.37 33.13 1.39 39.29 0.84 39.57 
F79 C2-C3 4.98 1.58 68.27 0.00 31.73 0.00 0.00 
F79 C7-T1 7.07 5.90 16.58 1.39 63.77 0.46 66.94 
F85 C5-C6 5.75 4.30 25.18 2.76 26.84 1.76 36.11 
F85 C7-T1 6.49 2.11 67.47 1.59 8.00 0.83 47.80 
F88 C2-C3 5.64 2.42 57.06 0.00 42.94 0.00 0.00 
F88 C5-C6 5.58 4.40 21.27 1.02 60.40 0.54 47.49 
F88 C7-T1 5.96 2.96 50.37 0.90 34.47 0.45 50.04 
M65 C2-C3 5.10 1.94 61.96 1.94 0.00 0.86 55.67 
M65 C7-T1 11.88 9.46 20.32 1.18 69.70 0.74 37.88 
M67 C2-C3 6.25 4.10 34.40 3.49 9.76 1.45 58.45 
M67 C7-T1 9.02 2.99 66.85 0.30 29.82 0.27 10.00 
M72 C3-C4 6.04 2.55 57.77 2.55 0.00 2.00 21.59 
M72 C5-C6 6.96 3.29 52.77 2.53 10.92 1.46 42.28 
M72 C7-T1 8.43 4.10 51.36 1.58 29.90 0.72 54.42 
M74 C3-C4 7.37 3.64 50.61 3.23 5.56 2.28 29.38 
M81 C2-C3 6.40 3.06 52.19 1.90 18.13 1.43 24.74 
M81 C5-C6 5.82 2.48 57.34 0.78 29.21 0.57 26.68 
Mean 6.7 3.6 47.6 1.5 28.7 0.9 35.7 
(S D) (1.7) (1.8) (17.0) (1.0) (20.7) (0.7) (19.0)- 
Table 24 Resistance toflexion of intact specimens, andfollowing removal of the 
spinous processes and ligaments (SP) and apophysial joints (AJ) and after 
compressivefailure of the disc (DF). SP% and AJ'1o indicate the percentage of total 
resistance ftom the structure removed DFYo indicates the reduction in bending 
moment resisted by the disc-vertebral body unitfollowing compressivejailure. 
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Resistance to EXTENSION at the elastic limit (after main creep test) 
Intact SID SP AJ AJ DF DF Specimen specimen (N m) M (Nm) M (N m) M (Nm) 
F64 C7-T1 -6.22 -5.24 15.76 -2.30 47.27 -2.12 7.83 
F67 C2-C3 -4.50 -3.59 20.22 -0.78 62.44 -0.88 -12.82 
F79 C2-C3 -6.04 -4.47 25.99 0.00 74.01 0.00 0.00 
F79 C7-T1 -6.93 -5.42 21.75 -1.64 54.63 -1.31 19.83 
F85 C5-C6 -8.09 -6.48 19.91 -3.01 42.91 -2.52 16.36 
F85 C7-T1 -8.33 -4.59 44.90 -3.33 15.08 -2.42 27.54 
F88 C2-C3 -7.23 -6.06 16.20 -1.24 66.68 -0.62 49.94 
F88 C5-C6 -7.02 -3.36 52.14 -1.26 29.97 -0.73 42.16 
F88 C7-T1 -7.74 -5.52 28.67 -1.67 49.73 -0.67 60.11 
M65 C2-C3 -7.23 -3.80 47.44 -2.18 22.41 -1.16 46.79 
M65 C7-T1 -17.43 -13.57 22.15 -4.62 51.34 -4.62 0.00 
M67 C2-C3 -5.60 -4.01 28.39 -1.24 49.46 -0.45 63.71 
M67 C7-T1 -11.67 -9.57 17.99 -4.20 46.02 -3.93 6.43 
M72 C3-C4 -10.59 -10.16 4.03 -5.92 40.05 -3.48 41.27 
M72 C5-C6 -12.33 -9.66 21.64 -7.01 21.48 -5.56 20.78 
M72 C7-T1 -14.09 -10.79 23.38 -4.01 48.13 -3.82 4.93 
M74 C3-C4 -2.90 -3.11 -7.25 -1.95 39.96 -0.91 53.10 
M81 C2-C3 -6.71 -5.87 12.52 -1.45 65.87 -1.45 0.00 
M81 C5-C6 -8.09 -6.75 16.61 -1.44 65.61 -0.86 40.48 
Mean -8.4 -6.4 22.8 -2.6 47.0 -2.0 25.7 
(S D) (3.5) (2.9) (14.1) (1.8) (16.4) (1.6) (23.4) 
Table 25 Resistance to extension of intact specimens, andfollolving removal of the 
spinous processes and ligaments (SP) and apophysialjoints (AJ) and after compressive 
failure of the disc (Df). SP% and AJYo indicate the percentage of total resistance ftom 
the structure removed DFYo indicates the reduction in bending moment resisted by the 
disc-vertebral body unitfollowing compressive failure. 
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2.5 Discussion 
This attempt to investigate the resistance to bending of the cervical spine was 
technically successful. The main problem which occurred during this investigation 
was excessively noisy data angle data derived from the reflective markers placed on 
the specimen. This noise was probably due to several factors. Firstly, markers were 
glued to the head of map pins that were inserted into the vertebrae. Under severe 
loading conditions, strain within the vertebral body was sometimes sufficient to 
move the head of the pin so that the reflective marker moved relative to the vertebral 
body cortex. Secondly, the smallness of the cervical vertebral body meant these 
markers were close to each other, and small translational movements of markers 
were transformed into large errors in flexion/extension angle. Thirdly, markers on the 
specimen were often not in exactly the same plane (some were further away from the 
camera than others) due to the difficulties with pin's insertions to the vertebrae. 
Finally, the marker pins were sometimes disturbed when sawing through the 
apophysial joint. Markers from the cups were much more stable and provided less 
noisy signals. Nevertheless, specimen-mounted markers were able to demonstrate the 
absence of substantial movements between specimen and cups, indicating that there 
was no loosening between the specimen and plaster at any stage of the experiment. 
The average strength in flexion of the cervical motion segments tested in the 
present experiment (6.7 Nm) is slightly less than the 7-12.5 Nm reported by Shea et 
al., who appear to have used a more vigorous criterion for "failure" and who reported 
substantially greater flexion angles at failure (Shea et al., 1991). However, there is 
plenty of overlap. The criterion used in the present experiment probably marks the 
threshold of clinically-relevant injury (Yoganandan et al., 1989), but much higher 
bending moments are required for ultimate failure (Nightingale et al., 2002). For 
example, the average moments at ultimate failure reported by Nightingale et al. for 
lower cervical motion segments were 17 Nrn in flexion and 21 Nm in extension. 
These are 2.5 times as big as the 6.7 Nrn and 8.4 Nrn recorded at the elastic limit in 
the present study (Table 2.4 and 2.5) but both studies suggest the cervical spine is 
somewhat stronger in extension than flexion. A similar disparity between moment 
resisted at the elastic limit and ultimate failure has been reported for lumbar motion 
segments (Adams and Dolan, 1991; Neumann et al., 1992) and the angles of flexion 
and extension at the elastic limit of cervical specimens (8.5' and 9.5': Table 2.2) are 
correspondingly lower than the angles recorded at ultimate failure (Nightingale et al., 
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2002). In contrast, Panjabi's group suggest that 2 Nm is appropriate to simulate 
realistic flexion and extension movements of the cervical spine in vivo (Miura et al., 
2002). 
In comparison with the lumbar spine, the cervical spine was found to be 
relatively weak in flexion. Age matched lumbar specimens resisted on average 35 
Nrn in flexion (Adams and Dolan, 1991) whereas the cervical specimens in the 
present study resisted only 6.7 Nm. This suggests that cervical motion segments have 
approximately 20% of the flexion strength of comparable lumbar specimens. In 
extension, the average strength of cervical specimens (8.4 Nm) was approximately 
34% of the strength of (somewhat younger) lumbar motion segments, which was 25 
Nrn on average (Adams et al., 1988). Compressive strength will be compared in 
Chapter 4. 
Values reported here are the first to characterise the resistance to bending of 
anatomical structures within the cervical motion segment. It was shown that most of 
the resistance to flexion comes from the inter/supraspinous ligaments lying between 
the spinous processes. The average value for cervical specimens was 48% (Table 
2.3), compared to an average 22-25% for lumbar specimens following creep loading 
(Adams et al., 1987). This difference may reflect the relatively greater length of 
spinous processes in the cervical spine, compared to the anterior-posterior diameter 
of the disc. Another possible explanation is that the ligamentum flavurn provides 
approximately 20% of the lumbar spine's resistance to flexion after creep loading 
(Adams et al., 1987), and some of this ligament's resistance may have been included 
with that of the interspinous ligaments in the cervical motion segments. A similar 
explanation would also account for the fact that cervical apophysial joints appear to 
resist rather more of the flexion moment (29%: Table 2.3) than lumbar apophysial 
joints (16-24%: (Adams et al, 1987)). Creep loading reduces the resistance to flexion 
of lumbar discs, and transfers some of that resistance to intervertebral ligaments 
(Adams et al., 1987). This suggests that cervical discs may provide rather more than 
23% (Table 2.3) of the motion segment's resistance to bending prior to creep 
loading. 
In extension, the apophysial joints resist an average 47% of the applied 
bending moment, and most of this resistance is probably due to compression of the 
bony surfaces of the joints. For comparison, an average value of 61% has been 
reported for lumbar specimens following creep (Adams et al., 1988) but these were 
mostly from younger cadavers. Cervical discs resist 30% of the applied extensor 
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moment, compared to only 17% for (younger) lumbar discs (Adams et al., 1988). 
Relatively minor compressive overload injury reduced the cervical disc's 
resistance to flexion and extension by 36% and 26% respectively. Damage to a 
vertebral endplate, or to the trabeculae which support it, is extremely common in the 
lumbar spine of ageing individuals (Vemon-Roberts and Pirie, 1973), and may be 
common in the cervical spine also. If this were the case, such injuries could be an 
important cause of cervical instability. 
2.6 Conclusions 
The cervical spine is weaker in flexion than extension. Strength in bending 
falls with age and in females, and is reduced following compressive damage to the 
vertebral bodies. Most resistance to flexion comes from ligaments lying between the 
spinous processes, and most resistance to extension is from the apophysial joints. 
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CHAPTER 3 
RESISTANCE TO COMPRESSION OF THE CERVICAL SPINE 
3.1 Introduction 
The main objective of this chapter is to investigate load sharing in the 
cervical motion segment under compressive loading. The previous chapter showed 
how anatomical structures in the cervical spine resist bending and the present study is 
an attempt to establish how these anatomical structures transmit compressive forces. 
Two methods will be applied to investigate load-sharing in the cervical motion 
segments. Firstly, motion segment compressive stiffness will be compared before 
and after the removal of various structures. Secondly, a stress profilometry technique 
will be used in order to quantify the total compressive force passing through the disc, 
and (by comparison to the applied load) through the neural arch. This technique is 
based on a previously established model in our laboratory for the lumbar spine 
(Pollintine et al., 2004b). As discussed previously each method has its strengths and 
weaknesses, and it is hoped that comparison of the results from both methods will 
provide a reliable estimate about compressive load-sharing in the cervical spine. 
Furthermore, the influence of prolonged compressive loading on mechanical 
functions and load sharing in the cervical motion segment will be studied. Marked 
effects of creep have been demonstrated in the lumbar spine (Adams et al., 1987; 
Pollintine et al., 2004a) and a similar phenomenon might exist in the cervical spine. 
Both regions of the spine are constantly under a certain level of compressive load 
due to the weight of the head and due to neck muscles activity. In absolute terms, 
these forces are lower than in the lumbar spine but this does not mean that they are 
not significant. During the course of the day, many typical head postures require 
tension in the extensor muscles of the neck (see Chapters 6 and 7) and the resulting 
prolonged loading will cause creep in the discs, and may alter motion segment 
mechanics. In this study, diumal creep is simulated by a creep test in which a 
compressive load is applied for a prolonged period of time in order to drive water out 
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from the disc and provide physiological conditions which normally occur in life after 
the first few hours of daily activity. 
3.2 Materials 
All twenty-two specimens listed in the previous chapter underwent the main 
creep test, and compressive stiffness data from nineteen of them were analysed. 
Eight of these twenty-two specimens, plus one additional specimen, were 
investigated using the stress profilometry technique. In two of these specimens, 
technical difficulties were experienced with the needle transducer and these were 
aborted, so data from seven specimens were analysed. These specimens are listed 
below in Table 3.1. 
Specimen 
Gender-Age ( years) 
Spinal levels tested Number of 
specimens 
F-48 C2-3 1 
F-64 C7-T1 1 
F-67 C2-3 1 
M-65 C2-3, C5-6 2 
M-67 C2-3, C7-T1 2 
Mean ± SID = 63.3 ± 3.8 Total number of specimens 7 
Table 3.1 Details of the 7 cen, ical motion segments investigated with the 
siressprofilometry technique. 
Note the variation in the spinal levels of these specimens. This selection can 
be justified based on anatomical thus biomechanical similarities between levels. 
Furthermore, due to difficulties in obtaining valuable cadaveric material described in 
the previous chapter, all supplied specimens were investigated. 
3.3 Methods 
3.3.1 Materials testing machine (Dartec) 
The Dartec machine was described in detail in the previous chapter but due to 
the introduction of the stress profilometry technique in this study, a schematic 
diagram combining stress prof ilometry apparatus with the Dartec is shown in Figure 
3.1. It provides the option of simultaneous data acquisition from the Dartec and 
needle transducer during 'stress profilometry', which is described in the next section. 
In this set-up, four variables were monitored simultaneously: compressive force, ram 
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displacement, intradiscal 'stress', and the needle transducer displacement. Data were 
stored in text format on the local hard drive and transferred later to a portable 
computer where data analysis could be performed. 
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PC with ADC 
(Analo g-D igital C arcý 
on Junction & 









Figure 3.1 Schematic diagram of the measurement system, including stress profilometry. 
3.3.2 Stress Prorilometry 
Stress profilometry was carried out in nine out of twenty-three tested motion 
segments. This technique was developed previously in our laboratory and originated 
from intradiscal pressure measurements on the lumbar spine. In 195 1, the first simple 
measurement device used to record intradiscal pressure was the mercury-coupled 
Bourdon gauge (Naylor A., 1951). With the advent of strain gauge pressure 
transducer measurement techniques, a 'static and perfuse saline-filled catheter' 
system was used by Nachemson in the sixties (Nachemson, 1960), and by Panjabi in 
the late eighties (Panjabi et al., 1988a). These techniques have three main 
disadvantages. Firstly, the disc contains a proteoglycan gel of high osmotic potential 
compared with the saline in the measurement catheter, which may cause the system 
to under-read the true measurement. Secondly, compliance of the measurement 
catheter or transducer causes the intrusion of nuclear material into the coupling 
catheter at high pressures (Nachemson, 1960). If the nuclear material is sufficiently 
solid to block the lumen of the coupling catheter, it will cause the system to 
underestimate the true pressure. Finally, the disc itself has a very small compliance. 
It has been determined that the introduction of 0.5ml of fluid into the nucleus 
52 
Chapter 3, Resistance to Compression of the Cen ical Spine 
increases the nuc I car pressure by 6-10' Pu (R an u, 1993). Therefore, perfuse systerns 
will cause large measurement artefacts. 
There have been a number of attempts to overcome these difficulties whilst 
retaining the basic liquid-coupled measurement system. For example, the 
measurement system can be pre-pressurised to approximately balance the pressure in 
the disc (Merriam et al., 1984). This ensured minimal flow along the coupling 
catheter, but could only provide a coarse estimate of the nuclear pressure under static 
conditions. In 1986, silicone oil was used to eliminate osmotic interactions, and air 
bubbles were removed in a vacuum chamber in an attempt to reduce the compliance 
of the measurement system (Takahashi et al., 1986). The development of extremely 
small transducers made it possible to place them at the measurement site, and in 1970 
a serni-conductor strain gauge membrane mounted on the end of a 0.8 mm diameter 
needle was used by Okushima (Okushima, 1970). However, this transducer was very 
susceptible to variations in temperature (Nachemson, 1981). More recently, metal 
filrn strain gauges have been employed, but the transducer was comparatively large 
and was mounted on a3 mm diameter needle (el-Bohy et al., 1989). 
Finally, in 1992 a transducer free from these disadvantages was developed in 
our laboratory (McNally et al., 1992). As can be seen on the schematic diagrarns 
below, the sensing element was mounted on the side of 150 mm-long, 1.3 mm- 
diameter surgical steel needle (AISI 304) (Fig 3.2). 
Transducer Needle Cable 
1 
1.3 mm or 
--4-1ý t 
150 mm 
Figure 3.2 Schematic diagram of the pressure transducer and 
mounting needle (McNally et al., 1992). 
The sensing element was fabricated from a beryl lium/copper (Be/Cu) plate of 
3x1.2 x 0.1 mm, with the central portion of the plate (2.0 x 0.8 mm) being 
chemically etched to form a diaphragm with a thickness of 30ýtm (Figure 3.3). Both 
faces of the plate were coated with a5 [im film of SIO-, using vacuum evaporation. 
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0 .8 mm 
3.0 mm 
Figure 3.3 Schematic diagram of the sensor element(McNally el al., 1992). 
This coating serves to insulate and protect the Be/Cu plate. Two thin film chromium 
ceri-nets strain gauge elements, together with gold contacts were evaporated onto the 
SiO-, layer and were connected to form a half-bridge circuit. The element was fitted 
into a machined cut-out on the needle and sealed in place using a medical grade 
silicone clastomer. Movement between the sensing element and the needle, which 
might break this seal, was minimised by supporting the sensing element using cast 
and shaped epoxy formers. Fine stainless-steel wires were used to connect the 
sensing element to components which completed the bridge and also provided 
temperature compensation. These were mounted within the body of an electrical 
connector. The connecting wires were protected by the needle and by a steel-braid- 
reinforced silicone rubber sheath. A header amplifier (based on RS 308-3 15 module, 
R. S. Components, U. K. ) was specially constructed. This unit also provided a 1.0 V 
excitation signal for the bridge. The header amplifier permitted a variable offset 
voltage to be added to the transducer signal (to facilitate zeroing) and had a gain 
which could be varied between 20 and 50 dB. 
All the problems associated with a liquid coupling system were avoided by 
using that small transducer (1.3 mm diameter needle) which could be placed directly 
at the site of measurement without damaging or otherwise perturbing the disc tissue. 
Since the mechanical behaviour of the disc, like all biological materials, varies 
greatly with applied load, this transducer was designed to operate over the full 
physiol ogically-re levant range of 0-5 MPa. Measurements made with it were found 
to be affected by the transmission of external forces along the needle. However, the 
bending moment in the needle required to cause such a significant error was found to 
produce noticeable deformation of the needle itself. No significant measurement 
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errors are introduced if caution is taken to avoid deforming the mounting needle. The 
calibration of the needle transducer was performed in a saline bath. It has been 
shown that the transducer is suitable for measuring static and dynamic pressure with 
magnitude comparable to that within the nucleus pulposus of intervertebral discs 
under both normal and high physiological loadings. The nucleus pulposus does not 
present the ideal environment for pressure measurement, but the transducer was 
found to perform reliably and consistently. Furthermore, it was apparently free from 
artefacts commonly found in pressure measurements in biological systems. 
McMillan later confirmed these results, but simultaneously expressed concern about 
the stresses measured within the fibrous disc using a transducer calibrated in a saline 
bath and consequently devised a technique in which the transducer was calibrated 
within an intact disc (McMillan et al., 1996b). This study concluded that errors are 
unlikely to exceed 12% and may be much less. The effect of the needle pushing aside 
the matrix does not introduce a measurable artefact. Spurious stress peaks can result 
if the transducer is adjacent to one of the cartilage end-plates, but such artefacts can 
be identified by the narrowness of the peaks and by the fact that they disappear when 
the orientation of the needle is changed by 180'. 
Using this technique the internal mechanics of the lumbar disc have been 
revealed to direct examination. Results suggest that the highly hydrated nucleus 
pulposus in a healthy disc exhibits a constant level of stress that is equal in all 
directions, but stress gradients exist in the annulus, and large stress peaks and 
anisotropic stresses are frequently observed (see Figure 3.1 in Section 3.1. ) 
(McMillan et al., 1996b). Furthermore, stress distributions are affected by prior creep 
loading (Adams et al., 1996a), by the inclination of adjacent vertebrae representing 
different postures in life (Adams et al., 1994b; McNally et al., 1993) and prior 
damage to the adjacent vertebral bodies (Adams et al., 1993). Most recently, stress 
profilometry was used to define the distribution of load bearing between the disc and 
the neural arch in old degenerated lumbar spines (Pollintine et al., 2004b). This study 
also confirmed validations of this technique carried out previously in our laboratory 
(McNally et al., 1993; McMillan et al., 1996b). It had shown the repeatability within 
92% for lumbar specimens, which is probably true for the cervical motion segments. 
Continuity of this work will provide an exact figure for reproducibility in cervical 
specimens in the future. 
The first 'stress' profiles from cervical discs were obtained in 2003 in our 
laboratory (Wigfield et al., 2001). A smaller transducer of 1.5 mm. in length mounted 
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in a thinner needle of 0.9 mm diameter was used, and has been found to have no 
adverse effects on the 'stress' profiles recorded in the lumbar spine (Wigfield et aL, 
2003). In principle, size should not have any significant effect on the technique itself 
In these experiments, each specimen consisted of three intervertebral discs and four 
vertebrae, and they were subjected to a static load of 200 N. Stress profiles were 
performed in the mid-sagittal plane, and the mean stress in the neutral position 
diminished from 1.44 MPa at C2/3 to 0.78 MPa at C7/TI level (Wigfield et al., 
2003). Additionally, Cripton measured intradiscal pressure in the central region of 
cervical discs by inserting pressure sensor of 1.5 mm diameter and 0.3mm thickness 
(Cripton et al., 2001). The insertion hole with three 0.26mm diameter electrical 
cables was closed using a drop of "tissue glue". The specimens were subjected to 
pure compression up to 800 N at a rate of 10 Ns- I. Peak pressure at 800 N ranged 
from 2.4 to 3.5 MPa, and a highly linear relationship between pressure and applied 
load was found (r 2 >0.99) (Cripton et al., 2001). 
3.3.3. Protocol 
As described in the previous chapter, a preliminary creep test (20 N for 15 
minutes) was performed initially for every specimen to expel water from the disc and 
guard against the possibility of post-mortem superhydration. Both compressive 
stiffness and stress profilometry were performed before and after the main creep test 
as well as at each stage of the sequential cutting of anatomical structures, which were 
described in the protocol from the previous Chapter. The main creep test was 
performed over 2 hours with a constant compressive load of 150 N. Compressive 
stiffness (1) was measured at each stage of the experiment by applying a pure 
compressive load up to 200 N in a linear ramp loading/unloading cycle of 2.0 sec 
duration, and stress-profiles (2) were obtained while the motion segment was 
subjected to a constant compressive load of 200 N for 20 sec. Profiles were repeated 
with motion segments in the neutral posture, moderate extension and flexion (1.5' or 
5' depending on the specimen). Finally, after mechanical testing was finished, the 
height of each disc was measured from radiographs, to an accuracy of 0.5 mm, using 
a Vernier calliper. A schematic diagram of the protocol is shown below in Figure 3.4. 
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(1) 
10 
Main Creep Test (AC) 
(2) (150 N, 2 h) 
(I) Spinous Process 





(2) Removal (FJ) 
Figure 3.4 Schemalic diagrain of ihe protocol. 
3.3.4. Data acquisition and analysis 
Creep 
During the main creep test, the applied compressive force and ram 
displacement were sampled at approximately 0.07 Hz and the height lost by the 
specimen (dh) was calculated frorn the printout of displacement against time as 
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Figure 3.5 Creep curve fi-om a creep test on a C5-C6 cen, ical motion segment 
(Afale, 81 years old). 
Furthen-nore, the accuracy of measurement of 'creep' on Dartec was 
investigated by testing a non-creep material. A block of aluminium (300x65Oxl2OO Z, 
mrn) underwent the same procedure as was employed for cervical motion segments 
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(150 N of pure compression for 2 hours). No 'creep' was observed and only a 
marginal drift of 0.02 mm was noticed. This is probably a result of warming up of 
the hydraulic system in Dartec due to prolonged loading and was omitted later in 
'creep' calculations since it was approximately 5% of its value on average. For 
example, the 'creep' shown above in Figure 3.5 caused the height lost of the 
specimen by 0.35 mm (see Table 3.2 for details) for which 0.02 mm is around 5.7%. 
Compressive Stiffness 
In order to measure the compressive stiffness, the compressive load was 
increased linearly from 0 up to 200 N over 1.0 sec. Load and displacement data were 
acquired at 250 Hz and analysed using Matlab (MathWorks, U. K. ). Firstly, a4 th 
order polynomial was fitted to the raw force-deformation curve, and then the first 
derivative of that 4 th order polynomial was evaluated in the displacement domain. 
These values indicated the compressive stiffness, and the next step was to find the 
value of displacement for the load of exactly 100 N. Since all computations in 
Matlab were performed numerically, the stiffness corresponding to the load nearest 
to 100 N was found and using simple linear proportion the stiffness for the exact 
force of 100 N was determined. A typical graph presenting a force-de form ati on 
curve, and compressive stiffness as described above, is shown in Figure 3.6. 
350 
Raw data 
300 POýft E Stiffness corresponding 
E Stiffiless*0.2 to the force nearest to 








100 ------------------------------- I- -3; 
The force nearest to 
50 100 N (Fý=101.7) 
0- - -- -- 
0 0.1 0.2 
Figure 3.6 A 4"' order polynomial (in pink) was fitted to the raw data (in blue) and 
compressive stiffness (in red) was evaluated from the first derivative. (Data for C2-C3 
motion segment from a 48 years female, before creep. ) Construction lines show the 
compressive stiffness for the force nearest to 100 N. These values are shown in parenthesis 
and based on these the compressive stiffness at the exact level of 100 N is calculated as 
follows: S, oo =S, *I 001F, and in this case is 1055 Nlmm. 
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This procedure was repeated at each stage of the experiment so that 
compressive stiffness could be compared before and after the main creep test, and 















Stage of expefiment 
Figure 3.7 Compressive stiffness measuredfor C3-C4 motion segment ftom 72 years 
male at each stage of the experiment. - before creep (BC), after creep (A Q, after spinous 
process removal (SP), and after apophysialjoints removal (AJ). 
Stress Profilometry 
In the stress-profilometry technique, the following were sampled at 25Hz: 
compressive force, vertical ram displacement, 'stress' measured by the transducer, 
and the needle transducer displacement. A typical stress-profile is shown in Figure 
. 3.8. 
At this stage, the previously established "stress integration" technique was 3 
applied in order to compute how much of the force is transmitted through the disc. 
This technique was established in our laboratory for the lumbar spine (Pollintine et 
al., 2004b) and was applied to the cervical specimens using a macro in Excel 
(Microsoft, U. S. A. ). A mathematical procedure of calculation the amount of 
compressive force transmitted through the disc based on the stress profile is enclosed 
in Appendix 1. This compressive force (Fd) is subtracted from the applied force (F, ), 
(20ON in this study) in order to establish how much of the force is transmitted 
through the neural arch (F, ): Fý = Fý - F,. There are several effects that influence 
this approach and therefore it is essential to use a correction factor which will 
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Distance across disc (mm) 
Figure 3.8 Stress profiles ftom cervical interverlebral disc (female 67 years C2-C3) 
obtained before creep. A functional nucleus is indicated by the vertical construction lines - 
in this region of the disc, verfical and horif onial stresses are approximately equal to each 
other, and invariant with distance, indicating hydrostatic behaviour The Posterior (P) and 
Anterior (A) parts of the annulusfibrosus are indicated 
account for the fact that: 
(I) the disc is not exactly elliptical 
(2) the stress in the mid-sagittal plane may not accurately represent the stress in 
the whole ring 
(3) the pressure transducer is unable to measure compressive stress accurately in 
the fibrous outermost annulus because of imperfect coupling between tissue 
and transducer 
(4) free lateral surface of the disc bulges radically under compression, generating 
additional axial components of (tensile) stress in the outer annulus which add 
to the applied compressive stress. 
In lumbar specimens, the correction factor was calculated by analysing the stress 
distribution in the disc while the motion segment was positioned in the neutral 
position (no bending) and before the creep loading experiment was perfon-ned. Under 
these circumstances, intradiscal pressures are neither increased by tension in the 
posterior intervertebral ligaments, nor reduced by load-bearing by the neural arch 
(Adams et al., 1994b), so the total force calculated from the model can be equated to 
the actual applied compressive force. In the present study on cervical specimens, the 
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stage after the apophysial joints removal was taken to compute the correction factor 
because at that stage the specimen consists of two vertebrae and the disc only, so the 
full compressive force must be transmitted through the disc. The following formula 
expressed the correction factor: 
K= -ýP- , where F. is the force predicted from the model and F,, is the force applied Fý 
to the specimen (200 N). In lumbar specimens, this correction factor was found to be 
approximately 1.4 on average (Pollintine et al., 2004b). 
3.4. Results 
During the main creep test, water was driven out of the disc and the resulting 
specimen height loss was on average 0.36 mm (SD 0.14). The maximum height loss 
of 0.64 mm was found in a C3-C4 motion segment from a 74 years male, and the 
minimum height loss of 0.12 mm was found in a C7-TI motion segment from 67 
years male. Height loss was poorly correlated to spinal level (R 2=0 . 
33), age 
(R 2=0.09), or disc height (R 2=0.1 1). Detailed results are shown in Table 3.2. 







F48 C2-C3 8.0 0.42 M65 C2-C3 7.0 0.24 
F64 C7-T1 4.0 0.15 M65 C7-T1 3.0 0.16 
F67 C2-C3 7.0 0.28 M67 C2-C3 7.0 0.35 
F79 C2-C3 4.0 0.62 M67 C7-T1 5.0 0.12 
F79 C7-T1 4.0 0.44 M72 C3-C4 8.0 0.45 
F85 C5-C6 5.0 0.39 M72 C5-C6 10.0 0.43 
F85 C7-T1 6.0 0.31 M72 C7-T1 6.0 0.22 
F88 C2-C3 6.0 0.44 M74 C3-C4 7.0 0.64 
F88 C5-C6 9.0 0.42 M81 C2-C3 7.5 0.49 
F88 C7-TI 5.0 0.25 M81 C5-C6 5.0 0.35 
Mean±SD: Disc height = 6.2 ± 1.8 mm Height lost = 0.36 ± 0.14 mm 
Table 3.2 Height lost by cervical motion segments after the main creep test. 
A repeated measures ANOVA showed that motion segment compressive 
stiffness in the neutral posture was altered by the interventions (P<0.0001) as shown 
in Figure 3.9. As a result of the main creep test, the average compressive stiffness 
increased by 27% from 842 to 1073 N/mm (P<0.05). Removing the spinous 
processes and related ligaments decreased the average compressive stiffness by 17% 
to 891 N/mm (P<0.05), and removal of the facet joints further reduced compressive 
stiffness by 13% to 772 N/mm, which was 28% less than the value for the intact 
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motion segment after creep (P<0.05). Finally, compressive damage to the disc- 
vertebral body unit further reduced its compressive stiffness (in the neutral posture) 
by 37% to an average 488 N/mm (not shown in Figure 3.9). 
BC AC SP AJ 













Mean±SD (SE=30.0) Meart--SD T 
842±148 891±174 Mean±SD 
(SE--33.9) (S E=3 9.9) 772±185 
(S E=3 8.3) 
Figure 3.9 Compressive stiffness for 19 cen, ical motion segments: before creep (BC), 
after creep (AC), - after spinous process removal (SP), - and after apophysial joints 
removal (AJ). 
Load sharing results based on the stress profilometry and stress integration 
techniques showed that, according to a repeated measures ANOVA, the compressive 
force resisted by the disc was not significantly affected by the various interventions 
in either the neutral or flexed postures (Figures 3.10 and 3.11). However, a non- 
significant 10% trend towards increased disc loading was observed in both postures 
when the apophysial joints were removed, suggesting that the apophysial joints had 
some load-bearing role in these postures. In the extended posture, disc loading was 
significantly influenced by the interventions according to a repeated measures 
ANOVA (P=0.026) as shown in Figure 3.12. After creep, the disc resisted an average 
of 66% of applied compressive loading, and this increased to 78% when the spinous 
processes were removed, and to 100% (by definition) after the apophysial joints had 
also been removed (P<0.05). This suggests that structures of the neural arch resisted 
approximately 34% of the applied load in the extended posture, and that this 
resistance came more from the apophysial joints than from the spinous processes. 
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Figure3.10 Compressive force transmitted through the inlervertebral discforcervical 
motion segments (n 7) in the NEUM4L posture. before creep (BC), - after creep (4C), 
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93±89/o 
Q ciý GO I 
Figure 3.11 Compressive force transmitted through the interverlebral disc for cervical 
motion segments (n= 7) in the FLEXED posture: before creep (BC), - after creep (AQ: 
after spinous process removal (SP), - after apophysialjoints removal (4J). 
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Fi, qure 3.12 Compressive force transmitted through the inierverlebral disc for cervical 
motion segments (n-7) in the F-k'TEADED posture. before creep (BC): after creep 
(A(,, '), - after spinous process removal (SP), - after apophysialjoints removal (AJ). 
3.5. Discussion 
The prolonged creep test reduced specimen height by 0.36 mm on 
average, which is approximately 6% of the disc height. As explained in the previous 
chapter, the equilibrium with applied load is never reached in lumbar discs and the 
same is probably true for the cervical discs. Unfortunately, diurnal changes of the 
water content in the cervical disc in-vivo are not known and therefore information 
from lumbar disc studies was extrapolated. In lumbar motion segments, a comparable 
creep test reduces disc height by 10-20% (McMillan et al., 1996a; Pollintine et al., 
2004b), which corresponds well to 20% reduction in-vivo related to physical 
activities over the course of the day and measured with MRI technique (Botsford et 
al., 1994). It is possible that loading regime for cervical specimens was relatively less 
severe or more likely the anatomical differences between lumbar and cervical discs 
(see Section 1.2.1) play a significant role. For example, it is shown later (Chapter 4) 
that cervical discs were found to be relatively stronger in compression when 
compared to lumbar discs. This relatively stronger resistance to compression could 
result in less height lost after creep test. Overall, height lost during creep showed not 
significant dependence on spinal level, age, or disc height, and did not correlate with 
compressive stiffness or neural arch load-bearing. However, this was most probably 
due to the small number of specimens and could be improved by increasing that 
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number. 
The stress integration technique depends on many assumptions and 
approximations (Pollintine et al., 2004b), but their effects are minimised by 
normalising all values of disc loading relative to the values obtained when only the 
disc and vertebral bodies remain, so that disc loading must be equal to the applied 
compressive force of 200N. Taking this 20ON as 100%, it is then possible to quantify 
relative disc loading accurately in other stages of the experiment. The data in Figures 
3.10 - 3.11 show that disc loading did not differ significantly from 100% in either the 
neutral or flexed posture, so little if any compression was then resisted by the neural 
arch, with only a non-significant value of 10% load-bearing suggested by the 
changes following removal of the apophysial joints. This is consistent with the 
compressive stiffness data for the neutral posture (Figure 3.9) which indicates a 13% 
reduction in stiffness following AJ removal. The increases in compressive stiffness 
following creep loading and the subsequent decrease following spinous process 
removal are more difficult to interpret: the former may indicate increased stiffening 
of disc tissue following water expulsion, and the latter may indicate some load- 
bearing by the spinous processes, but these inferences are unreliable for the 
following reason. Compressive stiffness is directly related to load-bearing only if the 
load-bearing structures act like parallel linear springs with constant geometry. 
However, creep brings the uncovertebral joints and spinous processes closer together 
and may initiate small horizontal displacements as these oblique surfaces start to 
resist load, or are cut away. Any such displacements would invalidate the assumption 
of parallel linear springs. This is precisely why the stress summation technique was 
introduced (Pollintine et al., 2004b) and why it is more reliable under these 
circumstances. Given these uncertainties, the present stiffness results are compatible 
with the previous finding that removal of the posterior elements decreased cervical 
motion segment stiffness by as much as 50% (Moroney et al., 1988b). 
The above conclusions regarding minimal neural arch load-bearing relate to 
the neutral and flexed postures only. In the extended posture there is clear evidence 
for substantial compressive load-bearing by the neural arch (Figure 3.12). Disc 
loading increased by 29% on average after the apophysial joints were removed, and 
by 17% when the spinous processes and associated ligaments were cut through, 
suggesting that the neural arch was resisting a combined total of 34% of the applied 
compressive force of 20ON (Figure 3.12, comparing AC with AJ). This proportion 
would be sensitive to the precise angulations of the vertebrae in the extended posture, 
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and on the amount of disc narrowing that follows creep loading. The considerable 
data scatter in these experiments suggests that individual anatomical details may also 
be important. Wide differences in morphology exist, particularly in relation to the 
apophysial joints (Yoganandan et al., 2003) and they can have a big influence on 
cervical spine mechanics. Previous research on the lumbar spine has shown neural 
arch load-bearing of similar or even greater magnitude and variability than that found 
in the present experiment, and the same influences appear to be important in both 
regions of the spine (Adams and Hutton, 1980; Adams et al., 1994b; Dunlop et al., 
1984; Pollintine et al., 2004b). 
3.6. Conclusions 
Before creep loading, and at all times in the neutral and flexed postures, the 
neural arch resists less than 10% of the compressive force acting on the cervical 
spine. After (sub-maximal) creep and in several degrees of extension, the neural arch 
resists an average 34% of the applied 20ON compression, with most of the resistance 
coming from the apophysial joints. Precise values of neural arch load-bearing are 
probably sensitive to a) the amount of disc creep, b) the angle of extension, c) the 
applied compressive force, d) anatomical details, and e) age. 
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Appendix 1 
Each intervertebral disc is modelled by a series of elliptical rings (Figure AI). 
The outer and inner radii of the ring, measured along the minor axis of the ellipse, 
are r2 and ri respectively. We assume that the compressive stress, CY, acting on the 
ring changes linearly from Pp at x= -r2, to PA at x= +r2- We also assume that cy is 









Changing to polar coordinates with: 
x=rcos O; y=rk sin 0 [A2] 
and k= b/a, where b is the major, and a is the minor axis of the disc gives: 
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The force on the ring is 
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Green's theorem is used to give: 
[A5] - 3r 
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Substituting A3 and A5 into A4, and noting the symmetry about the x-axis gives: 
r rý O-K 
2 
'=I "=i ( PP2 
r2 
F=2k f f( 
PA +pp)r. 
dr. dO + 2k - 
PA )rcos(O). 
r. dr. dO [A6] 
r=r, 0=0 r=rl 0=0 
F=nk 





Substituting for k from [A2] gives: 
F= 7c 









Chapter 4, Compressive Strength of the Cervical Spine 
CHAPTER 4 
COMPRESSIVE STRENGTH OF THE CERVICAL SPINE 
4.1. Introduction 
The cervical spine is the most mobile region of the spine, and biomechanical 
investigations to date have concentrated on its bending properties. Most injuries to 
the cervical spine happen as a result of excessive bending, as in whiplash, and it is 
generally considered that the time scale of injury is usually too rapid to involve 
significant muscle action and compressive loading. However, high compressive 
forces could be generated by neck muscles if the injured person was alerted prior to 
impact, perhaps by the sound of breaking or by an alarming image in the rear view 
mirror. Under these circumstances, vehicle impacts could lead to sudden and high 
compressive loading of the cervical spine as the victim's neck muscles try to prevent 
the head being thrown into hyperflexion or hyperextension. Muscle forces acting on 
the lumbar spine are known to increase substantially if a person has to move 
suddenly, or in alarm (Mannion et al., 2000; Wilder et al., 1996). 
Non-traumatic compressive loading may also harm the cervical spine. 
Cervical spine degeneration often occurs in the absence of bending injuries, and 
compressive overload may be a contributing factor, as it is with the lumbar spine 
(Adams et al., 2000). Considerable muscle tension is required to hold the head 
upright during many activities, and muscle forces increase when the head is inclined 
forwards. Further increases would be expected if there was a need to stabilise the 
head in a vibrating environment, or when repetitive movements were required. Under 
such circumstances, compression could lead to fatigue failure of the vertebral 
endplate, as in the lumbar spine (Brinckmarm and Horst, 1985). 
In order to understand the potential for compressive loading to injure the 
cervical spine, or precipitate degenerative changes within it, it is necessary to 
measure the cervical spine's compressive strength under realistic conditions, and 
compare the strength values with the force generating capacity of the neck muscles. 
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The experiments in Chapter 33 showed that most of the compressive force on the 
cervical spine is resisted by the intervertebral discs and vertebral bodies. However, 
they also showed that the neural arch can become substantially load-bearing in 
extended postures, especially after sustained creep loading, so these variable factors 
could influence compressive strength. In order to remove this source of variation, we 
decided to measure the compressive strength of disc-vertebral body units only, 
because these values will depend little on posture or loading history. Results 
concerning the mode of failure would then be applicable to those circumstances in 
life (neutral or moderately flexed postures) when the neural arch plays little part in 
compressive load-bearing. 
4.2. Materials 
Twenty-two specimens described previously in Chapter 2 were subjected to 
compressive loading to failure. In this last stage of the experiment, the specimens 
consisted of vertebral body-disc-vertebral body units only, after the spinous 
processes and apophysial joints had been removed as described in Chapter 3. 
4.3. Methods 
Each vertebral body-disc-vertebral body unit was positioned in the neutral 
posture by compressing it with two sets of rollers of equal height (Figure 4.1). The 
Figure 4.1 The disc-verfebral body unit 
positioned in the neutral position prior 
to compressive overload Apophysial 
joints have been removed 
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Dartec materials testing machine was used in "stroke control" so that vertical 
displacement was applied to each specimen in a rapid manner (I sec) causing disc- 
vertebral body failure by compressive overload. Initially, a force-deformation curve 
was obtained by applying displacement up to 0.5 mm. Such a small displacement did 
not cause any damage but provided force-deformation curves that indicated the likely 
displacement required to cause failure. This was applied in the next step, in which 
the specimen was loaded to failure. Finally, one more force-deformation curve was 
obtained after failure in order to confirm permanent specimen height loss. An 
















Figure 4.2 Force-deformation graphsfor F-64 C7-TI specimen compressed tojailure. 
d= height loss afterfailure defined at 50% of ultimate strength. 
In order to define the yield point in the force-defon-nation curve, software 
designed previously in our laboratory by Dr Pollintine was employed. This software 
was used initially to analyse force-deformation curves for lumbar specimens but the 
same algorithms can be used in this study since there are no methodological 
differences. That software executed the following procedure: 
1. force-deformation curve was plotted on the screen; 
2. the relevant part of that curve was selected by indicating a start point on the linear 
region not far from the origin, and an end point somewhere after the yield point; 
3. the first derivative of that part of the force-deformation curve was computed; 
4. the maximum point of that derivative was found; 
5. the relative point of that maximum was found on the force-deformation curve; 
6. the tangent line crossing that point was determined; 
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7. the last point further up on the force-deformation curve, which was within 5 pixels 
distance from the tangent line, was taken as the yield point, as shown in Figure 4.2. 
The ultimate strength was defined simply as the maximum force on the force- 
deformation curve. 
The effect of disc failure on resistance to bending was also investigated using 
the procedure as described in Chapter 3. Reductions in resistance to bending were 
expressed as percentages of the bending moment resisted at the flexion or extension 
angle corresponding to the yield point of the intact motion segment. 
Finally, each specimen was radiographed and then dissected in order to locate 
the site and nature of compressive failure. 
4.4. Results 
On average, the compressive strength was 2.40 kN, being 1.86 kN for female 
and 2.75 kN for male specimens respectively. This gender difference was significant 
(P<0.01). The yield point was found to be approximately 50% of the ultimate 
strength and this proportion was slightly (but not significantly) higher for male 
specimens (53 ) %) than for female (47%). The specimen height loss caused by the disc 
failure, identified at 50% of the ultimate strength, was found to be 0.81 mm on 
average. As described briefly in Chapter 2, compressive failure affected the 
specimens' bending properties, reducing their resistance to flexion and extension by 
36% and 26% respectively (P<0.01 according to matched pair t-tests). Detailed 
results for all specimens are shown in Table 4.1. 
It is possible that the criterion used for the elastic limit was too sensitive, and 
that little damage was actually caused at this point. Ultimate strength is a less 
ambiguous measure of strength, and this did not increase significantly with age for 
male or female specimens, as shown in Figure 4.3. R-squared values of linear 
regressions were below 0.2. Similar to the results concerning strength in bending 
(Chapter 2), this result was influenced by the small number of spines, and by their 
relatively small range of ages (64-89 years). 
In every specimen, compressive overload caused end-plate fracture and 
invasion of the nucleus pulposus into the vertebral body. However, visual inspection 
of radiographs showed that end-plate damage is difficult to detect (Figure 4.4). 
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F64 C7-T1 1.09 2.01 0.80 8 30 
F67 C2-C3 0.96 1.80 0.74 -13 40 
F79 C2-C3 0.30 0.85 1.50 0 0 
F79 C7-T1 1.02 1.67 1.03 20 67 
F85 C5-C6 1.09 3.67 0.86 16 36 
F85 C7-T1 1.13 1.85 0.70 28 48 
F88 C2-C3 0.46 0.93 1.34 50 0 
F88 C5-C6 1.27 2.70 0.96 42 47 
F88 C7-T1 0.58 1.27 1.52 60 50 
Mean±SD 0.88 ± 0.34 1.86 ± 0.89 1.05 ± 0.32 23 ± 24 35 ± 23 
M65 C2-C3 2.01 2.79 0.62 47 56 
M65 C5-C6 1.29 3.47 0.58 NA NA 
M65 C7J1 1.88 2.96 NA 0 38 
M67 C2-C3 1.96 3.93 0.71 64 58 
M67 C7J1 1.06 1.92 0.50 6 10 
M72 C3-C4 1.22 2.57 0.48 41 22 
M72 C5-C6 1.78 4.23 0.51 21 42 
M72 C7J1 1.27 2.47 0.69 5 54 
M74 C3-C4 1.33 2.57 0.65 53 29 
M74 C7-Tl 1.09 1.86 0.78 NA NA 
M81 C2-C3 1.08 1.67 0.88 0 25 
M81 C5-C6 1.43 3.77 0.75 40 27 
M89 C7J1 1.03 1.53 0.95 NA NA 
Mean±SD 1.46 ± 0.38 2.75 ± 0.85 0.68 ± 0.15 28 ± 24 36 ± 16 
Male+Female 1.23 ± 0.46 2.40 ± 0.96 0.84 ± 0.30 26 ± 23 36 ± 19 
Table 4.1 Compressive strength data for all vertebral body-disc-verfebral body 
specimens tested Height loss afterfailure and the reduction in resistance to bending 
after compressivejailure are also shown. 
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Figure 4.3 Relationship between age and ultimate compressive strength of the vertebral 
body-disc-vertebral body unit in the cervical spine. 
Figure 4.4 Typical examples of sagittal plane radiographs before (left) and after (right) 
compressive failure of the. Al-67 C7-TI specimen (posterior on left). There is little difference 
between these images in the reggion of the vertebral bodies and inten, eriebral disc, except 
for the pins andpressure transducer that were kept in place during radiography 
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4.5. Discussion 
There is little good compressive strength data in the literature to compare the 
present results with. They refer to the vertebral body-disc-vertebral body unit only, 
after the neural arches were removed. Nevertheless, the average (ultimate) strength 
(2.4 kN) and range of strengths (0.85 - 4.23 kN) are similar to values reported by 
Shea et al. (mean 2.1 kN and range 0.6 - 3.2 kN) for cervical motion segments that 
were compressed to failure while positioned in flexion (Shea et al., 1991). Flexion 
reduces the compressive strength of porcine cervical motion segments(Gunning et 
al., 2001). Another study on large head-neck specimens reported compressive 
strengths ranging from 1.3 to 3.6 kN (Yoganandan et al., 1991). For comparison, 
isolated cervical endplates have been reported to have an average compressive 
strength of 0.75 kN with strength depending greatly on bone mineral density 
(Truumees et al., 2003) 
The average compressive strength of the cervical specimens (2.4 kN) was 
approximately 45% of the strength of intact lumbar motion segments of similar age, 
which is 4.2 kN (Brinckmann et al., 1989). In contrast to this, the results in Chapter 3) 
showed that cervical motion segments have only 20-34% of the bending strength of 
lumbar specimens of similar age. Evidently, the cervical spine is relatively stronger 
in compression than bending compared to the lumbar spine. 
The 26-36% reduction in resistance to bending following compressive 
damage (Table 4.1) is probably attributable to the fact that end-plate fracture 
decompresses the adjacent nucleus pulposus (Adams et al., 2000) and so reduces 
tension in the surrounding annulus fibrosus. This effect could be substantial because, 
as was shown in Chapter 2, one-third of the resistance to bending in the cervical 
spine comes from the disc. The effect would be compounded by the loss in specimen 
height following compressive overload (average 0.84 mm) which would bring 
adjacent vertebrae closer together and generate slack in the intervertebral ligaments 
(Adams et al., 1987). 
In a living person, the effects of compression injury to the cervical spine 
could be severe. Decompression of the adjacent intervertebral discs would lead to 
stress concentrations within the annulus fibrosus, which in turn could cause pain and 
lead to internal disruption of the disc (Adams et al., 2000). Any reduction in bending 
stiffness after compressive overload would have to be compensated for by increased 
muscle activity, because the destabilised cervical spine would require extrinsic 
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stabilisation. Increased muscle tension would increase compressive loading on the 
cervical spine, and could give rise to further damage, degeneration and pain. 
Furthermore, higher muscle activity over long periods of time could result in neck 
pain arising from the muscles themselves, or from their musculotendinous junctions. 
The radiographic evidence (Figure 4.4) and the small values of specimen 
height loss (0.8-3) mm) following compressive damage indicate that such injuries 
would be difficult to detect in living people. Therefore it is possible that repeated 
minor compressive overload injuries to the cervical spine could lead gradually to 
degenerative changes in both the vertebral bodies and intervertebral discs of the 
cervical spine, even though the patient recalls no history of neck injury. 
4.6. Conclusions 
The results of this chapter indicate that, compared to the lumbar spine, the 
cervical spine disc-vertebral body unit is relatively strong in compression. The first 
structure to sustain compressive damage is the vertebral body endplate, and this leads 
to a decompressed disc and a cervical spine with a reduced resistance to bending. 
Minor compressive damage is difficult to detect radiographically, but it has a major 
effect on spinal mechanics and could be a frequent undetected cause of cervical spine 
degeneration. 
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CHAPTER 5 
NECK MUSCLE AREAS AND LEVER ARMS IN RELATION TO 
HEAD POSITION 
5.1 Introduction 
In order to develop an EMG model for measuring cervical spine compression, 
accurate information regarding the anatomy of the cervical spine and its associated 
muscles must be obtained. The MRI study described in this chapter was carried out 
to provide such information, and has two main objectives. The first is to obtain 
reliable measurements, in different head positions, of various anthropometrics 
parameters which include muscle cross-sectional areas at the level of the C7-Tl 
intervertebral disc, muscle lever anus about the C7-TI disc in the sagittal plane, and 
the horizontal distance (d) of the centre of the C7-T] disc from the skin surface at the 
back of the neck. The first two sets of measurements will be used to determine 
resultant lever arms for flexor and extensor muscle group in the neck, enabling 
compressive forces acting at C7-T1 to be calculated from estimates of flexor and 
extensor moments. The third set of measurements will be used to determine external 
lever arms for the mass of the head and the externally applied force in the isometric 
EMG-moment calibrations, which provide essential input to the model, and are 
described in detail in the next chapter. The second objective of the study is to 
determine whether the anthropometrics parameters required for the EMG model can 
be predicted with reasonable accuracy from other anthropometrics variables which 
can be measured easily without the need of expensive MRI scans. 
There has been no study to date, which has investigated the very complex 
muscle structure of the neck in-vivo. Kamibayashi and Richmond (Kamibayashi and 
Richmond, 1998) studied neck muscle morphometry in-vitro and provided detailed 
and quantitative examinations indicating muscle mass, length, and pennation angles. 
From this information, they calculated physiological cross-sectional areas (PCSA) 
based on the following equation (Bodine et al., 1982): 
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MX coso PCSA =- 
PX1 , 
where in is muscle mass in grams; 0 is pennation angle in 
degrees; p is muscle density (1.06g- CM-3) (Mendez and Keys, 1960); and 1 is 
normalized fascicle length in centimetres. The authors claimed that this indirect 
technique provided an accuracy of between 10-20%. However, neck muscles from 
only 10 cadavers (7 males and 3 females) were dissected with an age range of 66-92 
years. Furthermore, some muscles PCSAs were found to be significantly different 
between individuals and a possible explanation could be a small number of dissected 
specimens with large anatomical variations. Despite these difficulties, Vasavada and 
co-workers developed a graphics-based musculoskeletal model of the neck, scaled 
for a man of 1.74 in height that was based on cadaveric data (Vasavada et al., 1998). 
They used average values of muscle mass, length, and permation angles selected 
from 5-10 cadavers obtained in-vitro (Kamibayashi and Richmond, 1998) to built the 
model using Software for Interactive Muscle Modeling (SIMM) (MusculoGraphics 
Inc., U. S. A. ). This tool provides great flexibility in the modelling of various 
anatomical structures and their kinematics. Nevertheless, it is still depended upon 
accurate anatomical input. Therefore, more studies of neck muscle morphometry in- 
vitro as well as in-vivo are essential to improve this modelling approach. Successful 
in-vivo measurements will be very valuable to verify the SIMM model and to provide 
data over a wide range of ages including young people in their 20s and 30s. 
Magnetic resonance imaging (MRI) allows for high-resolution in-vivo 
imaging not only of osseous structures but also of the soft tissues, including muscles 
and intervertebral discs. Consequently, MRI has proved to be highly successful in 
imaging pathologic processes in the cervical spine, as discussed by Khanna (Khanna 
et al., 2002). MRI has also been used to investigate changes in the size of neck 
muscles PCSAs, which were found to increase significantly after a training regime 
(Conley et al., 1997). Significant variations were also found in the size of neck 
muscles PCSAs between two different sporting professions: judo and wrestling 
(Tsuyama et al., 2001). MRI has also been used to investigate neck muscle function 
by quantifying shifts in signal intensity in proton-weighted MRIs, collected at rest, 
before, and immediately after exercise. In this study, differences in signal intensity 
indicated a muscle's activity during head flexion or extension. This more 
controversial use of muscle MRI is discussed in more detail by Meyer and Prior 
(Meyer and Prior, 2000), and since it is not the main subject of this study will not be 
discussed further here. 
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In this study, we will attempt to define neck muscle areas and lever arms in- 
vivo using MRI. Marras and co-workers studied lower parts of the spine, in order to 
determine trunk muscles PCSAs and their lever arms at thoracic and lumbar levels, 
and they found that these measurements could be predicted with reasonable accuracy 
from other anthropometrics variables that could be measured directly on a living 
person (Marras et al., 2001). We therefore adopt a similar approach in the present 
study. Recent developments in MRI have improved image resolution, and the 
availability of open scanners now enables scans to be obtained with subjects in 
different postures. In this study, MR1 was therefore performed in neutral, flexed, and 
extended head positions to detennine if muscle areas and lever arms are influenced 
by the head position. Head positions were identified by an electromagnetic motion 
analysis device (the 3-Space Fastrak), which is described in more detail in the next 
section. Unfortunately, the Fastrak could not be used simultaneously with MRI 
because they both use electromagnetic fields in order to operate and these would 
likely interfere with each other. Therefore, the same head positions were repeated by 
each subject in another room after the MRIs were completed in order to obtain 
Fastrak measurements of the head angle. Furthermore, anthropornetrical measures 
were taken from each individual including height, weight, neck circumference, 
skinfold thickness, etc. to provide general information about participants and to 
investigate whether any of these anatomical factors could predict the anthropornetrics 
parameters of interest for the EMG model. 
5.2 Methods 
Twelve adults (six men and six women) provided written informed consent to 
participate in the study which was approved by the Local Research Ethics 
Committee. Objectives, protocol, benefits and risks were fully explained to all 
participants. None of them reported a history of chronic neck pain, and none 
experienced neck pain before, during or after testing. Each participant underwent the 
following investigations: 
I. MR] for estimation of muscle areas and lever arms 
2. Anthropometric measurements 
Fastrak measurements of head position 
5.2.1 MRI for estimation of muscle areas and lever arms 
Wide Open MRI of Cardiff (Medtel Ltd., U. K. ) provided equipment, time on 
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the scanner, and professional advice from an experienced consultant radiologist Dr 
Simon Blease. A high performance 0.3 T Open MRI system AIRIS 11 (Hitachi 
Medical Systems America, U. S. A. ) shown in Figure 5.1 was used to acquire neck 
images in transverse and sagittal planes. Transverse MRIs with a resolution of 
256x256 pixels in the field of view of 19.9 cm-' were acquired to a spin echo 
sequence of TR=265 ms and TE=25 ms, generating TI-weighted slices of l0mm 
thickness on each level of the cervical spine cutting through the midline of the 
intervertebral disc. Sagittal MRIs with a resolution of 256x256 pixels in the field of 
view of 29.9 cm 2 were acquired to a spin echo sequence of TR=150 ms and TE=20 
ms, generating TI -weighted slices of 10 mm thickness in the midsagittal plane of the 
cervical spine, and additionally in the sagittal plane of the sterriocleidomastoid on the 
right and left side. 
. dew 
Figure 5.1 The AIRIS H Open AIRI sYstem ftom Hitachi Medical 
ýyslemsAmerica. 
MRI scans were obtained with the head in three positions: neutral, flexed, and 
extended. Each subject was positioned in the supine position with their legs rested 
comfortably on a wedged cushion placed behind the knees, and hands along their 
sides. A set of cushions was used to position the head in extension (cushions under 
the upper torso), neutral or flexion (cushions under the head) and their exact 
placement was measured with respect to anatomical landmarks, such as the scapula 
for simulated extension, and the ear canal for simulated neutral or flexion, in order to 
repeat those positions accurately during the subsequent Fastrak assessment. The MRI 
data acquisition took approximately 10min in each head position. Efforts were 
therefore made to place every subject had to perform flexion or extension in a 
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comfortable position that they could easily maintain for that amount of time. Overall, 
the full MRI procedure took approximately 45 min and is described step by step in 
the protocol. All MRIs were stored in DICOM format for later image analysis but 
only transverse slices from the C7-TI level and midsagittal slices were examined 
here due to the objectives of this project. Our EMG model will determine the 
extensor and flexor moments about the C7-Tl joint therefore transverse slices from 
that level will provide essential information to quantify muscle lever arms in order to 
compute the compressive forces acting on the disc. Midsagittal slices are used to 
measure horizontal distance "d" from the centre of the disc to the skin surface at the 
back of the neck, which is essential for computations of external lever arms during 
isometric contractions. 
Image analysis was performed using ImageJ software provided by the 
National Institute of Health in the USA (Rasband, 1997-2003). This software allows 
the direct import of an image in DICOM format and the construction of multiple 
freehand outlines using a standard PC mouse. It can then be used to the computation 
of required measurements such as the size of an area and XY coordinates of its 
geometrical centre, which were all essential in analysis of the transverse MRIs in 
order to obtain muscle areas and lever arms. An example of outlined extensor and 
flexor muscles with their lever arrns at the C7-TI level is shown in Figure 5.2. In 
extensors, the upper trapezius (TRAP) and the levator scapulae (LS) were 
distinguished easily but the erector spinae which include the sernispinalis and the 
splenius capitis were represented as one group (ES) because of difficulties in 
defining boundaries between the individual muscles. This operation will not have a 
significant effect on our results since our main interest is to determine one resultant 
lever arm for all extensors and another for the flexors. In the case of the flexor 
muscles, the longus coli (LC), the scalenus anterior (SA), and the 
sternocleidomastoid (SCM) were defined. Each individual muscle lever arm was 
measured as a vertical distance between the centre of the muscle area and the centre 
of the intervertebral disc as shown by the dotted lines in Figure 5.2. The resultant 
lever arm (R) was calculated by summing individual lever arms, weighted with 
respect to the size of the muscle area, using the following equation: 
Ai Aj Ak 
R=-r, +--r. +--r,, 9 where 
Aj, Aj, Ak are the individual muscle 
Aijk Aijk Ayk 
areas e. g. LC, SA, SCM for flexors; Aijk is the sum of those individual muscle areas 
(LC+SA+SCM); and ri, rj, rk are the measured lever arms. This procedure was carried 
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Figure 5.2 Transverse MRI through the midline of the C7-TI disc acquired 
from a 28 
' 
vr-old male in the neutral position. Outlined in 
' 
vellow is the 
intervertebral disc (ID), in red is the extensor muscles: upper trapezius 
(TRAP), levator scapulae (LS), and erector spinae including semispinalis and 
splenius capitis (ES), in blue are flexor muscles. - longus coli (LC), scalenus 
anterior (SA), and sternocleidomastoid (SCAI). Dotted lines represent muscle 
lever arms (with respect to the centre of the intervertebral disc on the vertical 
axis). Note: 'r'and 'Vindicate right and left sides. 
out for the right and the left side separately and the average was taken as a final 
resultant lever arm for either flexors or extensors. The same image analysis software 
(ImageJ) was used to measure the previously described distance "d" from midsagittal 
MRIs as shown in Figure 5.3. 
Figure 5.3 Allidsagittal AfRI acquired 
from a 29 vr-old male in the neutral 
position showing the defined distance 
"d" and the identified vertebrae 
from C2 down to TI. 
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5.2.2 Anthropometric measurements 
Each subject's age and gender were recorded after which measurements were 
obtained of height, weight, and neck circumference. Body fat was determined from 
measurements of skinfold thickness (ST) taken at the following sites; biceps (A), 
triceps (B), subscapular (C), and suprailiac (D). Measurements were taken twice in 
series by an experienced technician using a calliper. The mean values of those 
measures were summed (SF=A+B+C+D) in order to determine the percentage of 
body fat (%BF) using the following equation: 
%BF= 
495 
-450, where BD is the body density and its relationship to BD 
SF, gender, and age is provided by Durnin and Womersley (Durnin and Womersley, 
1969) in the set of equations shown in Table 5.1. Additionally, the skinfold thickness 
measurements of the front, back and sides of the neck were taken also in two 
separate series and their mean values were determined. 
Age ( years) Men Women 
16-19 1.1 620-(0.0630*log(SF)) 1.1 549-(0.0678*log(SF)) 
20-29 1.1631-(0.0632*109(SF)) 1.1 599-(0.0717*log(SF)) 
30-39 1.1422-(0.0544*log(SF)) 1.1 423-(0.0632*log(SF)) 
40-49 1.1 620-(0.0700*log(SF)) 1.1 333-(0.0612*log(SF)) 
50 plus 1.1 715-(0.0779*log(SF)) 1.1 339-(0.0645*log(SF)) 
Table 5.1 The set of equations for calculation of body density (BD) with respect to age 
and gender (Durnin and Womersley, 1969). Equations marked with (*) were applicable 
in our group of subjects. Note: SF=A+B+C+D, where A, B, C and D are skinfold 
thickness measurements at biceps, triceps, subscapula, and suprailiac sites respectively. 
5.2.3 Fastrak for head position 
The 3-Space Fastrak (Polhemus, U. S. A. ) shown in Figure 5.4 is an 
electromagnetic motion tracking system which allows accurate measurements of 
position and orientation of small receivers in three dimensional space. It works by 
having a magnetic-dipole transmitting antenna (transmitter) generate a magnetic 
field. The sensors, or more correctly the magnetic-dipole receiving antennae, can 
detect the strength and orientation of this field. This information is then used to 
compute the position and orientation of the sensors. A single Fastrak unit provides 
connection for up to four receivers and all four were used in our experimental work. 
The frequency of data acquisition depends on the number of connected receivers, and 
decreases from 120 Hz for one sensor to 30 Hz for four, which was sufficient for 
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tracking head movements during the static and dynamic activities studied in our 
investigations. Fastrak provides high static accuracy of 0.76 mm RMS for the X, Y, 
or Z position and 0.15' RMS for receiver orientation, high resolution of 0.0002 mrn 
per I mm of transmitter and receiver separation and 0.025' orientation, and low 
latency of 4 ms. The communication between Fastrak electronic unit and the host 
computer is via the port RS-232 and custom software was designed to provide 
comfortable data acquisition, display, transfer, and analysis. This custom made 
software was developed in Java by a PhD student Mr Grzegorz Jablonski from the 
Department of Computing Science of the University of Bristol based on the 
cooperation with the author. 
In this study, as well as in later EMG studies, Fastrak was used to track the 
head position during static and dynamic activities. All four sensors were used and 
they were attached in each subject on the skin overlyingthe C7 spinous process (SI), 
on the back of the head (S2), on the forehead (S3), and on the skin overlying the 
sternum (S4) as shown in Figure 5.5. A plaster, double sided tape, and plastic spacers 
were used to attach each sensor firmly. Those spacers were used to provide flat 
surface for sensor attachment. In addition. tape was used to support each sensor lead, 
which could alter the position or orientation of the sensor by its weight. The head 
angle was defined as the difference in roll angle between the sensor on the forehead 
(S3) and the sensor on the sternum (S4). The other two sensors on the back of the 
head and neck were not used in this study but were attached to keep the same set-up 
planned for later EMG experiments. 
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Figure 5.5 A schematic diagram of the Fastrak 
sensors placement. 
Each subject repeated the head positions used in the MRI assessment with the 
help of investigators who had recorded the position of various anatomical landmarks. 
In order to achieve the same head position, the same sets of cushions used during the 
MRI scans were positioned in the same manner as before. Subjects were repositioned 
twice in each posture (neutral, flexed, and extended), and a mean value of the head 
angle was determined for each. In addition, two series of measurements in standing 
position were performed to determine the full range of movement in the sagittal 
plane (ROM) and the maximum limits of extension and flexion. All head position 
measurements were recorded over 5 secs duration (t=5 sec) at a frequency of 30 Hz 
(f, =30 Hz) with subjects holding the position as steady as possible. The head position 
(H,, ) was calculated from the following equation: 
n 
I (S3ý - 
S40 
HP = k=1 
n-, 
where S3 and S4 were the roll angles recorded by 
sensors attached to the forehead and the sternum respectively, and n was the number 
of data points (samples) recorded (n=f-t=150). Basically, the Hp was the mean value 
calculated from the differences between roll angles recorded for all samples during 
the measurement. For the purposes of calculating ranges of flexion and extension, the 
head angle in neutral standing was subtracted from the angle at the limit of flexion or 
extension respectively, so both ranges were calculated relative to the neutral position. 
In this case, the "better" performance was taken into consideration, where higher full 
range of flexion-extension was achieved. The position of the head during the MRI 
scans was calculated as a percentage of the full range of extension or flexion. The 
distances "d" as well as the resultant lever arms were determined from MRI scans in 
each of the three positions and their relationship with the head angle was defined. 
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5.2.4. Protocol 
Assessment Measurement description Duration 
MRIs in sagittal and transverse planes: 
- 
(1) in the neutral head position iy 50 min (2) in the flexed head position 
(3) in the extended head position 
Basic anthropometrical measurements: 
(1) gender, age, height, weight, neck circumference, 
(D 
E and skinfold thickness measures: 
0 0- 2 (2) biceps, triceps. subscapular, suprailiac 
15 min 
:F (3) front, back and side of the neck 
< Repeat (2) and (3) 
The head position measurements'. 
(1) during MRls: 
neutral, flexion, extension (t=5sec) 
U) Ca (2) during straight standing: LL 25 min 
neutral, full flexion, full extension (t=5sec) 
Repeat (1) and (2) 190 min 
5.3 Results 
5.3.1. Anthropometric measurements 
Detailed information on subject's age, height, weight and neck circumference 
including minimum, maximum, and the mean±SD values is presented in the Table 
5.2. Calculated percentage of body fat (%BF) and skinfold thickness (ST) measured 
at the front, back, and side of the neck are presented in the following table (Table 
5.3). 
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Subject's Height Weight Neck Circumference 
Gender (F/M) - Age (years) (cm) (kg) (cm) 
F-21 160 51 32.2 
F-22 168 66 31.8 
F-23 170 64 34.5 
F-26 165 60 32.5 
F-29 163 67 35.4 
F-49 163 86 35.0 
M-27 184 108 43.0 
M-28 177 64 36.9 
M-29 184 75 40.4 
M-39 156 58 36.3 
M-50 186 77 39.0 
M-54 180 90 40.1 
Minimum 21 156 51 31.8 
Maximum 54 186 108 43.0 
Mean±SD 33 ± 11.8 171 ± 10.4 72 ± 16.1 36.4 ±3 . 58 
Table 5.2 Basic anthropometrics datafor all subjects. 
Subject Body Fat Front Neck ST Back neck ST Side neck ST (cm) (cm) (cm) 
F-21 22.7 4.9 9.0 4.2 
F-22 26.7 5.7 11.1 5.8 
F-23 26.2 4.7 10.8 6.7 
F-26 21.1 5.7 13.6 6.3 
F-29 28.5 9.3 15.1 8.8 
F-49 40.0 8.5 19.8 9.3 
M-27 24.5 10.7 22.2 9.9 
M-28 13.7 3.2 10.6 4.5 
M-29 12.9 3.3 10.9 4.1 
M-39 28.3 6.1 22.9 6.1 
M-50 23.1 4.9 15.0 5.7 
M-54 33.7 6.8 23.0 10.8 
Minimum 12.9 3.2 9.0 4.1 
Maximum 40.0 10.7 23.0 10.8 
Mean±SD 24.6 ± 7.5 6.2 ± 2.3 15.3 ± 5.3 6.9 ± 2.3 
Table 5.3 The percentage of body fat (016BF) and skinfold thickness (ST) 
measured at the ftont, back and side of the neckfor all subjects. 
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5.3.2 Head position 
In total, 12 measurements of head angle were made in each subject; six whilst 
lying down to simulate the MRI positions, and six whilst standing to determine the 
full range of flexion and extension. The standard deviations (SD) of the measured 
head angle during each of the 144 data sets ranged from 0.04' to 1.08' being 0.28' on 
average. Furthermore, the difference between the maximum and the minimum head 
position in those data sets was 0.98' on average and never exceeded 3.100. In 
standing, the differences between two measurements performed for neutral, flexed, 
and extended head positions were on average 4.5', 3.9', and 7.3' respectively. The 
difference between full ranges of movement (ROM), calculated as the difference 
between the full flexion and full extension, was on average 8.7'. Detailed results for 
all subjects are presented in the Table 5.4. The full ROM in the sagittal plane was 
120.5±10.7' on average with full flexion and full extension angles of 55.9±9.3' and 
64.6±9.1' respectively (Table 5.5). 







F-21 4.3 3.6 4.2 3.5 
F-22 1.2 0.7 17.2 7.8 
F-23 2.8 2.5 0.9 10.5 
F-26 1.0 3.8 7.5 11.3 
F-29 5.3 12.2 3.2 18.1 
F-49 1.0 0.3 0.0 3.7 
M-27 0.3 2.7 6.3 9.0 
M-28 7.9 0.5 11.0 18.0 
M-29 11.5 11.3 7.7 9.0 
M-39 3.2 2.4 2.8 0.2 
M-50 5.2 3.4 11.5 8.1 
M-54 10.2 2.9 15.2 5.2 
Mean±SD 4.5 ± 3.7 3.9 ± 3.9 7.3 ± 5.5 8.7 ± 5.4 
Table 5.4 Differences between the two measurements of head angles for neutral 
posture, fullflexion, full extension, and the calculated range of motion (ROM). 
88 
Chapter 5, Neck Muscle Areas and Lever Arms in Relation to Head Position 
Subject Full Flexion (deg) Full Extension (deg) ROM (deg) 
F-21 56.4 57.3 113.7 
F-22 54.4 72.9 127.3 
F-23 55.3 62.1 117.4 
F-26 42.9 62.3 105.2 
F-29 56.4 66.9 123.3 
F-49 72.9 47.6 120.5 
M-27 57.8 66.9 124.7 
M-28 51.0 70.9 121.9 
M-29 69.3 66.0 135.3 
M-39 39.6 70.7 110.3 
M-50 59.8 80.1 139.9 
M-54 54.8 51.9 106.7 
Mean±SD 55.9 ± 9.3 64.6 ± 9.1 120.5 ± 10.7 
Table 5.5 Full range offlexion and extension, andfull range of sagittal 
plane movement (ROM) for each subject. Data presented here are those 
for the highest ROM measured 
During MR-1 assessments, the head was flexed by 26.8±8.0' and extended by 
34.9±9.1' on average, which was 49.0±15.0% and 54.9±15.1% of the full range of 
flexion and extension respectively. These measurements were repeated twice and 
errors in the head position reproducibility were on average 3.6±2.4% for flexion and 
6.0±5.0% for extension. All these results are shown in detail in Table 5.6 for flexion 
and Table 5.7 for extension. 





Diff Mean Flex Full Flex % Flex 
(deg) (deg) (deg) (deg) (deg) N 
F-21 21.4 18.1 3.3 19.7 56.4 35.0 
F-22 29.7 21.5 8.2 25.6 54.4 47.1 
F-23 26.3 25.9 0.4 26.1 55.3 47.1 
F-26 30.4 33.4 3.0 31.9 42.9 74.4 
F-29 14.5 17.2 2.7 15.8 56.4 28.1 
F-49 22.6 19.2 3.4 20.9 72.9 28.7 
M-27 32.3 23.6 8.7 27.9 57.8 48.3 
M-28 34.5 29.7 4.8 32.1 51.0 63.0 
M-29 45.6 48.0 2.4 46.8 69.3 67.5 
M-39 21.7 26.2 4.5 23.9 39.6 60.5 
M-50 26.9 30.9 4.0 28.9 59.8 48.3 
M-54 21.1 22.1 1.0 21.6 54.8 39.4 
Mean±SD 27.2±8.1 26.3±8.5 3.9±2.5 26.8±8.0 55.9±9.3 49.0±15.0 
Table 5.6 Flexion of the headperformed during MRI assessmentfor all twelve subjects. 
The mean and difference are shownfor the two repeated measurements offlexion. 
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F-21 25.9 23.9 2.0 24.9 57.3 43.4 
F-22 33.1 34.7 1.6 33.9 72.9 46.5 
F-23 31.5 42.6 11.1 37.1 62.1 59.6 
F-26 37.4 35.4 2.0 36.4 62.3 58.4 
F-29 23.6 21.0 2.6 22.3 66.9 33.3 
F-49 26.4 42.6 16.2 34.5 47.6 72.4 
M-27 39.6 49.9 10.3 44.8 66.9 66.9 
M-28 28.7 46.1 17.4 37.4 70.9 52.8 
M-29 59.5 50.7 8.8 55.1 66 83.4 
M-39 35.5 40.3 4.8 37.9 70.7 53.6 
M-50 27.2 23.7 3.5 25.5 80.1 31.8 
M-54 33.4 25.4 8.0 29.4 51.9 56.7 
Mean±SD 33.5±9.6 36.4±10.7 7.4±5.5 34.9±9.1 64.6±9.1 54.9±15.1 
Table 5.7 Extension of the headperformed during MRJ assessmentfor all twelve subjects. 
5.3.3 Muscle areas 
Muscle areas and the intervertebral disc (ID) were outlined at the level of the 
C7-T1 intervertebral disc for all three head positions by two independent 
investigators. Repeated measures ANOVA was carried out to determine how well the 
two sets of observations were correlated and outlines from the left and right sides in 
each of the three head positions were compared with inter-observer matched values 
(n=12 in each case). In the neutral head position, significant differences between the 
two observers were found for ID and for every muscle except LS and SA. 
Furthermore, differences in flexion were significant for ID and for every muscle 
group except LS (P=0.972). In extension, differences were not significant for ID but 
were significant for every muscle except LS. Interclass correlation coefficients (ICQ 
were generally very good except for SCM, and ranged between 0.756-0.940,0.514- 
0.888 and 0.398-0.960 in flexed, neutral and extended head postures respectively. 
The ICC in SCM was found to be negative in all three head postures and in fact the 
area of this muscle was the most difficult to define and was relatively of small size. 
Muscle areas from both sides were summed and values obtained by two observers 
with ICCs are shown in Table 5.8. 
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Neutral HP Flexed HP Extended HP 
Areas Obs 1 (CM2) 
Obs 2 
(CM2) 









ID 4.27 3.90 0.89 4.10 3.84 0.94 4.15 4.19 0.96 
TRAP 14.59 17.86 0.85 11.33 13.41 0.93 18.04 21.83 0.88 
LS 6.95 7.07 0.84 6.25 6.23 0.81 8.56 8.05 0.85 
ES 15.26 18.48 0.71 13.98 16.30 0.76 16.97 19.83 0.66 
SA 3.15 2.88 0.71 3.34 3.04 0.85 3.04 2.63 0.60 
Scm 2.65 5.20 -0.47 3.10 6.05 -0.95 3.00 5.36 -0.35 
LC 1.41 1.80 0.51 1.53 1.84 0.81 1.39 1.66 0.40 
Table 5.8 The summed muscle areas ftom both left and right sides in three head 
positions (HP) with ICCs ftom repeated measures A NO VA Negative ICC are in bold 
and values were significant differences i vere found are in italics. 
Despite statistically significant differences, muscle outlines from both 
observers were averaged and the total area of all outlined extensors including 
trapezius (TRAP), levator scapulae (LS), and erector spinae including splenius and 
222 
sernispinalis (ES) was on average 20.0±6.2 cm , 16.9±4.7 cin and 23.3±5.8 cm in 
the neutral, flexed and extended head positions respectively. As shown later (see 
Section 5.3.4), the resultant lever arms did not show statistically significant 
differences and that is why the outlines of muscle areas were averaged. TRAP and 
ES groups were the largest, each of them occupying approximately 40% of the full 
extensor muscle area, whereas LS occupied about 18%. For flexors, the size of the 
total area including scalenus anterior (SA), sternocleidomastoid (SCM) and longus 
222 coli (LC) was on average 4.3±1.3 cm , 4.7±1.6 cm and 4.3±1.1 cm in the neutral, 
Neutral HP Flexed HP Extended HP 
Muscle Mean±SD Area Mean±SD Area Mean±SD Area 
Group (CM) (%) (CM2) N (CM) N 
TRAP 8.1±4.0 40.5 6.2±3.0 36.6 10.0±3.7 42.7 
0 
(n LS 3.5±1.3 17.5 3.1±1.0 18.5 4.2±1.3 17.8 C: 2 ES 8.4±1.9 42.0 7.6±1.6 44.9 9.2±1.9 39.5 
X LU Y-All 20.0±6.2 100.0 16.9±4.7 100.0 23.3±5.8 100.0 
SA 1.5±0.5 35.2 1.6±0.4 33.7 1.4±0.4 33.2 
Ch 
0 scm 2.0±1.1 46.0 2.3±1.4 48.4 2.1±1.0 48.9 x a) LC 0.8±0.2 18.8 0.8±0.3 17.9 0.8±0.2 17.9 
U- 
Y-All 4.3+-1.3 100.0 4.7±1.6 100.0 4.3±1.1 100.0 
Table 5.9 Average muscle areasftom both left and right sides in three headpositions 
Note that they are expressed also as a percentage of the total area occupied by the 
extensor orflexor muscle group, 
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flexed and extended head positions respectively. On average, as much as 48% of the 
total flexor area was occupied by SCM, and 34% and 18% was occupied by SA and 
LC respectively. These results are shown in detail in the Table 5.9. 
The full area of extensors was the largest in extension, where muscle were 
shortened and bulged, and decreased by 14% and 27% when going to neutral and 
flexion respectively. The flexors did not show exactly opposite trend and their area 
was the largest in neutral position and decreased in both flexion and extension 
equally by only 8%. Such a small differences and lack of expected opposite trend 
could be caused by errors in defining the area of SCM which is in fact almost half of 
the full area of flexors. Furthermore, outlines were performed at the level of the C7- 
T1 disc for which a very bottom part of SCM is present and head position changes 
will not have as great influence as in the middle part where the physiological cross 
sectional area is the largest. 
5.3.4 Resultant lever arms 
Resultant lever arms were calculated as described in the Methods, and the 
steps involved for a single subject are shown in Table 5.10. Data shown here are for 





Weighted lever arm (cm) 
single sum mean 
0 TRAP 9.85 49.4 3.7 1.8 
0 
MC LS 4.30 21.6 2.1 0.5 3.3 R2 
x Ui ES 5.77 29.0 3.5 1.0 
3.2 
2 TRAP 12.36 57.1 3.3 1.9 
0 
LS 3.29 15.2 1.8 0.3 3.1 
x w ES 5.98 27.7 3.4 0.9 
SA 1.88 43.5 1.1 0.5 
(A 
scm 1.78 41.2 2.9 1.2 1.9 
Ft 0 
U- LC 0.66 15.3 1.2 0.2 




0) x scm 1.85 39.7 3.2 1.3 2.0 
LC 0.63 13.5 1.3 0.2 
Table 5.10 Steps involved in calculating resultant lever arms. Data is shown for the 
neutral head position in 23yr-oldfemale. Each muscle area is defined as the % of the 
whole group and the same % is used to quantify a single weighted lever arm. The sum oj 
all weighted single lever arms within one group represents the resultant lever arm, 
which is then averagedfor the right and left sides. 
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neutral position, but these calculations were repeated for flexed and extended 
postures also. A matched paired t-test based on data from all subjects (n=12) showed 
no statistically significant differences between the resultant lever arms calculated for 
the right and left sides. Therefore, these values were averaged to obtain a single 
resultant lever arm for the flexors, and another for the extensors. All calculations 
were performed twice using the independent measures of muscle areas obtained by 
the two observers. Repeated measures ANOVA showed no significant differences in 
the average resultant ]ever arms obtained by the two observers when data were 
compared for the flexors. For the extensors differences were observed in flexed and 
extended head positions (P=0.03) but these were small (less than 2.5%) as shown in 
Table 5.11. Note that ICCs were high and ranged from 0.86 up to 0.98. 
Muscle Group Head Posture Obs-1 Obs-2 ICC % diff 
Neutral 3.79 3.81 0.98 0.5 
Extensors Flexion 3.54 3.63 0.97 2.4 
Extension 4.10 4.18 0.98 1.9 
Neutral 2.22 2.39 0.86 7.0 
Flexors Flexion 2.34 2.50 0.87 6.2 
Extension 2.06 2.17 0.94 5.1 
Table 5.11 Comparison of two sets of measurements for averaged resultant lever 
arms. Significant differences are shown in bold 
Mean resultant lever arms from both observers were therefore 
averaged in order to quantify final resultant lever arrns, and these are presented 
separately for men and women in Tables 5.12 and 5.13. As expected, the resultant 
muscle lever arms were significantly higher in men than women for both extensors 
and flexors in all three head postures. In the neutral posture, resultant lever arms in 
men were on average 4.2 and 2.4 cm, and in women 3.4 and 2.1 cm respectively for 
extensors and flexors. Likewise in flexed and extended postures, in which these were 
3.8 and 2.6 cm for men and 3.3 and 2.2 cm for women, and 4.4 and 2.3 cm for men 
and 3.9 and 1.9 for women respectively with the first value being for extensors. 
Furthermore, the extensor muscle lever arms were also significantly larger than 
flexor lever arms for both men and women, across the three different postures. There 
was also a significant effect of posture on the resultant lever arms: extensor lever 
arms increased on moving from flexed to extended head positions (3.8 in flexion, 4.2 
in neutral and 4.4 cm in extension for men and 3.3,3.4 and 3.9 cm for women), while 
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flexor lever arm showed the opposite trend (2.6 in flexion, 2.4 in neutral and 2.3 cm 
in extension for men and 2.2,2.1 and 1.9 cm for women). Detailed results are 
presented in Tables 5.12 and 5.13. 
Gender NEUTRAL HEAD POSTURE 
Male Extensors Resultant Lever Arm Flexors Resultant Lever Arm 




Mean Diff Obs 1 
- 
Obs 2 Mean Diff 
No. (crý ) (cm ) (CM) (cm ) (cm-) (cm) (ON 
M-27 4.75 4.62 4.69 1.4 3.27 3.41 3.34 2.1 
M-28 3.61 3.63 3.62 0.3 2.12 1.74 1.93 9.8 
M-29 4.12 4.02 4.07 1.2 2.2 2.73 2.47 10.8 
M-39 4.2 4.3 4.25 1.2 2.18 2.31 2.25 2.9 
M-50 4.35 4.27 4.31 0.9 1.82 2.44 2.13 14.6 
M-54 4.37 4.31 4.34 0.7 2.6 2.58 2.59 0.4 
Mean 4.23 4.19 4.21 0.9 2.36 2.53 2.45 6.77 
(S D) (0.37) (0.33) (0.35) (0.4) (0.51) (0.55) (0.49) (5.73) 
FLEXED HEAD POSTURE 
M-27 4.48 4.47 4.47 0.2 3.68 3.33 3.51 5 
M-28 3.27 3.3 3.29 0.5 2.21 2.02 2.12 4.6 
M-29 3.83 3.79 3.81 0.4 2.29 2.86 2.57 11 
M-39 3.29 3.45 3.37 2.3 1.9 2.24 2.07 8.1 
M-50 3.78 3.86 3.82 1.1 2.32 3.11 2.71 14.6 
M-54 4.16 4.27 4.21 1.4 2.8 2.75 2.77 1 
Mean 3.80 3.86 3.83 1.0 2.53 2.72 2.62 7.4 
(S D) (0.48) (0.45) (0.46) (0.8) (0.63) (0.50) (0.52) (4.9) 
EXTENDED HEAD POSTURE 
M-27 5.15 5.25 5.2 1 3.19 3.24 3.22 0.8 
M-28 4.34 4.33 4.34 0.2 1.98 1.54 1.76 12.4 
M-29 4.02 4.14 4.08 1.4 2.02 2.04 2.03 0.6 
M-39 4.34 4.55 4.44 2.4 1.72 2.01 1.87 7.7 
M-50 4.31 4.34 4.33 0.3 1.74 2.18 1.96 11.2 
M-54 4.1 4.21 4.16 1.3 2.9 2-89 2.89 0.1 
Mean 4.38 4.47 4.42 1.1 2.26 2.32 2.29 5.47 
(S D) (0.40) (0.41) (0.40) (0.8) (0.63) (0.63) (0.61) (5.66) 
Table 5.12 Mean resultant lever armsfor all three headpostures in males (n=6) 
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Gender NEUTRAL HEAD POSTURE 










No. (CM) (CM) (CM) (0/. ) (CM) (CM) (CM) (%) 
F-21 3.07 3.07 3.07 0 1.89 2.15 2.02 6.4 
F-22 3.22 3.08 3.15 2.2 1.97 2.5 2.24 11.9 
F-23 3.2 3.57 3.39 5.5 1.91 2 1.96 2.3 
F-26 3.7 3.83 3.77 1.7 1.79 1.88 1.84 2.5 
F-29 3.84 3.92 3.88 1 2.71 2.81 2.76 1.8 
F-49 3.1 3.13 3.12 0.5 2.21 2.11 2.1 2.3 
Mean 3.35 3.43 3-40 1.8 2.08 2.24 2.15 4.5 
(SD) (0.33) (0.39) (0.35) (2.0) (0.34) (0.35) (0.33) (4.0) 
FLEXED HEAD POSTURE 
F-21 3.08 3.24 3.16 2.6 2.03 2.31 2.17 6.5 
F-22 3.03 3.01 3.02 0.2 1.97 2.12 2.04 3.7 
F-23 3.06 3.45 3.26 6 2.12 2.08 2.1 1.1 
F-26 3.62 3.79 3.71 2.2 1.91 1.86 1.88 1.4 
F-29 3.79 3.79 3.79 0 2.77 3 2.89 4 
F-49 3.11 3.11 3.11 0 2.11 2.32 2.22 4.8 
Mean 3.28 3.40 3.34 1.8 2.15 2.28 2.22 3.6 
(S D) (0.33) (0.34) (0.33) (2.3) (0.31) (0.39) (0.35) (2.0) 
EXTENDED HEAD POSTURE 
F-21 3.56 3.51 3.54 0.7 1.63 1.9 1.76 7.6 
F-22 3.71 3.73 3.72 0.3 1.82 2.16 1.99 8.5 
F-23 3.59 3.87 3.73 3.8 1.8 1.65 1.73 4.3 
F-26 4.1 4.29 4.19 2.3 1.73 1.83 1.78 2.6 
F--29 3.89 3.94 3.91 0.7 2.79 2.88 2.83 1.7 
F-49 4.09 4.01 4.05 1 1.41 1.72 1.56 9.9 
Mean 3.82 3.89 3.86 1.5 1.86 2.02 1.94 5.77 
(S D) (0.24) (0.26) (0.24) (1.3) (0.48) (0.45) (0.45) (3.36) 
Table 5.13 Mean resultant lever armsfor all three headpostures infemales (n=6). 
In order to establish whether any of the anthropornetrical measurements could 
be used to predict the mean resultant lever arm univariate and multivariate linear 
regression was performed. This was computed in two ways; the first included all 
subjects (n=12), and the second analysed data separately for men (n=6) and women 
(n=6). Each possible predictor, for which the P value was below 0.05 in the 
univariate analysis, was fed into multivariate analysis so the R squared values for the 
best predictor or the best combination of predictors were computed (Table 5.14). 
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NEUTRAL HEAD POSTURE 
Extensors Flexors 
Anthropornetric All Male Female All Male Female 
Measurements (n=12) (n=6) (n=6) (n=12) (n=6) (n=6) 
Age 0.14 0.06 0.01 0.01 0.05 0.03 
Height 0.34* 0.02 0.02 0.15 0.10 0.03 
Weight 0.30 0.55 0.02 0.56** 0.79** 0.06 
Body Build 0.25 0.06 0.00 0.23 0.22 0.07 
Neck Circumference 0.71** 0.47 0.12 0.48* 0.77* 0.27 
% Body Fat 0.04 0.44 0.10 0.03 0.17 0.11 
Front Neck ST 0.08 0.75** 0.12 0.53* 0.77* 0.61 
Back Neck ST 0.37* 0.56 0.03 0.31 0.31 0.09 
Side Neck ST 0.12 0.52 0.12 0.37* 0.51 0.28 
R2 -multivariate model 0.71 0.75 0.56 0.79 
FLEXED HEAD POSTURE 
Age 0.08 0.02 0.00 0.05 0.00 0.04 
Height 0.42* 0.36 0.00 0.37* 0.42 0.09 
Weight 0.48* 0.95** 0.04 0.62* 0.95** 0.03 
Body Build 0.33 0.56 0.00 0.28 0.40 0.00 
Neck Circumference 0.65** 0.88* 0.11 0.65** 0.91* 0.46 
% Body Fat 0.00 0.38 0.11 0.02 0.20 0.08 
Front Neck ST 0.19 0.57 0.13 0.38** 0.61 0.58 
Back Neck ST 0.27 0.22 0.03 0.21 ** 0.13 0.09 
Side Neck ST 0.27 0.63 0.09 0.31 0.44 0.29 
R 2_M ultivariate model 0.65 0.95 - 0.93 0.95 - 
EXTENDED HEAD POSTURE 
Age 0.06 0.16 0.33 0.01 0.01 0.03 
Height 0.24 0.00 0.00 0.18 0.15 0.00 
Weight 0.44* 0.37 0.25 0.43* 0.89** 0.01 
Body Build 0.25 0.00 0.38 0.23 0.46 0.00 
Neck Circumference 0.56** 0.25 0.09 0.39* 0.70* 0.12 
% Body Fat 0.02 0.03 0.07 0.03** 0.46 0.01 
Front Neck ST 0.18 0.71** 0.22 0.43* 0.75* 0.31 
Back Neck ST 0.40 0.20 0.55 0.26 0.40 0.00 
Side Neck ST 0.13 0.20 0.38 0.44** 0.84** 0.09 
R2 -multivariate model 0.56 0.71 - 0.73 0.97 - 
Table 5.14 Univariate linear regression was used to determine the dependence of resultant 
lever arms on anthropometrics variables. R2 values are shown for each analysis. 
*Significant univariate predictors were input to the multivariale analysis. R' valuesfor the 
multivariate model are based only on those parameters which achieved significance in the 
multivariate analysis (**). 
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5.3.5 Distance "d" 
The horizontal distance from the centre of the C7-TI disc to the posterior skin 
surface of the neck was measured for all twelve subjects in all three head postures. 
There was no statistically significant difference in this distance between any of the 
three head postures when compared using ANOVA. On average, values of "d" were 
very similar being 8.1±1.2,8.2±1.1 and 8.4±0.9 cm in neutral, flexed and extended 
head postures, respectively (Table 5.15). For this reason, average values from the 
three head postures were used in later experiments in order to calculate the bending 
moment during isometric EMG calibrations (see Chapter 6). 
Subject Neutral HIP Flexion HIP Extension HP Mean (cm) (cm) (cm) (cm) 
F-21 7.1 7.1 7.1 7.1 
F-22 7.3 7.4 8 7.6 
F-23 7.7 7.7 8.9 8.1 
F-26 7.6 7.1 8 7.6 
F-29 9.4 9 9.7 9.4 
F-49 8.2 8.1 9.3 8.5 
M-27 10.5 10.7 8.8 10 
M-28 7.1 7.5 7.1 7.2 
M-29 7.6 7.6 8.3 7.8 
M-39 7.7 7.4 7.8 7.6 
M-50 8.1 7.3 7.8 7.7 
M-54 9.8 9.9 9.7 9.8 
Mean±SD 8.1 ± 1.2 8.2 ± 1.1 8.4 ± 0.9 8.2 ± 1.0 
Table 5.15 Distance "d"for all 12 subjects in all three headpostures (HP). 
Univariate and multivariate linear regression were performed in order to find 
whether any of the anatomical measurements could be used to predict the distance 
-d". The sets of R2 values obtained for univariate analysis for all subjects as well as 
men and women separately are presented in Table 5.16. Parameters that were 
significantly correlated with "d" in a univariate analysis were used as input the 
multivariate analysis. When this was based on pooled data from both male and 
female subjects, the best predictors of "d" were neck circumference and side neck 
skinfold thickness (ST) which gave on R 2=0 . 89. Analysis 
based on male data only 
found that weight and side neck ST were significant predictors (R 
2-0 
. 98), whereas 
for females, the only significant predictor was front neck ST (R 
2 =0.78) (Table 5.16). 
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Anthropornetrical 
Measurement 






Age 0.09 0.01 0.19 
Height 0.15 0.12 0.01 
Weight 0.68* 0.86** 0.21 
Build 0.34* 0.43 0.15 
Neck Circumference 0.44** 0.62 0.73* 
% Body Fat 0.12 0.19 0.22 
Front Neck ST 0.62* 0.78* 0.78** 
Back Neck ST 0.47* 0.45 0.35 
Side Neck ST 0.74** 0.88** 0.68* 
2 R- multivariate model 0.89 0.98 0.78 
Table 5.16 R' values obtained ftom univariate analysis for each 
anthropometrics measure. *Significant predictors from the univariate 
analysis were used as input for the multivariate model. "Significant 
predictorsftom the multivariate model. 
5.4. Discussion 
In order to determine the effects of head position upon the variables of 
interest in this study, an electromagnetic device, the 3-Space Fastrak, was used to 
obtain measurements of head angle. This device was chosen for a number of reasons; 
it has a high static accuracy, its sensors are small and relatively light so are suitable 
for mounting on the skin, and previous measurements obtained with this device in 
lumbar and thoracic regions of the spine have been found to be reliable (Swinkels 
and Dolan, 1998; Swinkels and Dolan, 2000). A further advantage of using this 
device is that it has a reasonably fast sampling speed which made it suitable for use 
in the dynamic studies, which are described in Chapter 7. 
In this study, similar to previous studies in our laboratory (Dolan and Adams, 
1993; Dolan et al., 1994b) base-plates were used to provide a firm base of support for 
the attachment of the sensors in order to reduce artefacts due to skin stretching. 
When the Fastrak was attached in this manner, the variation in head angle in any 
given static posture was small and averaged less than V, indicating that the sensor 
remained firmly fixed to the base-plate, and that subjects were well able to maintain 
their head in a fixed position for the duration of each measurement. The variability in 
head angle when subjects repeated each posture, however, was somewhat greater 
than the variability observed within a given posture. Average (absolute) differences 
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in standing ranged from 3.9' in full flexion up to 7.3' in full extension (representing 
3.2 - 6.1% of the full range of movement). In lying, where attempts were made to 
simulate the positions in the MRI scanner, the equivalent differences were on 
average very similar (3.60 in flexion and 6.0' in extension) and the magnitude of 
these differences was largely influenced by poor repeatability in one or two subjects. 
Consequently, the differences between repeated measurements were very similar for 
head postures when standing and lying down with overall reproducibility proved to 
be satisfactory. 
When Fastrak measurements were used to determine the full range of motion 
(ROM) of the cervical spine in the sagittal plane, values were found to agree well 
with those reported previously from radiographic studies. In this study, the average 
ROM was 120.5±10.7' compared to approximately 130' (Kapandji, 1974b) and 
106±130 (Wolfenberger et al., 2002) in larger population studies. In the present 
study, the range of extension from the neutral position represented a greater 
proportion of the full range of cervical spine movement, with average values 
exceeding those found in flexion by approximately 100 (i. e. 65' versus 55' 
respectively). 
The postures simulating those adopted in the MRI scanner suggest that the 
cervical spine was positioned in 49.0±15.0% of the full range of flexion and 
54.9±15.1% of the full range of extension in the two scans taken in non-neutral 
positions. Unfortunately, this study was limited to only three head positions due to 
the timing and costs of MRI. However, the information obtained during these scans 
was sufficient to indicate whether head position affected the parameters of interest in 
this study, such as muscle areas and lever arms. Furthermore, the head positions 
adopted during most normal everyday activities would be likely to fall within the 
range investigated in the present study, so in terms of providing reasonable measures 
for our EMG model, the data obtained from this study should suffice. 
Unfortunately, MRI technique imposed application of the supine position for 
subjects, who are investigated later in standing as well as sitting positions. It was 
assumed that changes in the muscle areas and lever arms are reflected in the head 
angle, which was recorded by Fastrak. The main interest was to determine the 
position of the head relative to the torso. Therefore, Fastrak measurements were 
carried out after MRI for repeated head postures in the supine position. This way, 
based on three head postures from MRI with known head angles from Fastrak, the 
changes in the muscle areas and lever arms could be extrapolated for the whole range 
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of flexion-extension. 
To obtain data from the MRI scans, five single muscle areas and one area of a 
group of muscles were outlined at the level of the C7-T I of the cervical spine in each 
of the three head postures. Three flexors were identified (SA, SCM, LQ and two 
extensors (TRAP, LS). The group of extensor muscles outlined as one area included 
erector spinae, splenius, and semispinalls. This approach was taken for convenience 
because these three muscles are arranged very close to each other and it is difficult to 
distinguish borders between them. By grouping them together it was hoped to 
improve the reliability of the measurements, in order to improve the estimate of the 
final resultant lever arms. Generally, a sum of extensor muscle areas was found to be 
2 almost five times larger than that of the flexors, being approximately 20 cm . TRAP 
is the largest extensor representing, on average, about 40% of the cross-sectional area 
of the whole group, and SCM is the largest flexor representing 48% of the flexor 
area. Generally, outlining muscle areas on MRIs was a difficult task that required 
concentration and considerable manual dexterity when performed by hand using a 
standard PC mouse. Therefore, statistically significant differences were found 
between most muscle areas when defined by the two observers, as well as between 
right and left sides of the same muscle for each observer. However, this issue was not 
as serious a problem as it initially appeared to be because the difference in muscle 
areas will not result in marked differences in estimates of the resultant lever arms. 
This can be explained by a number of factors. First of all, the differences in area, 
although significant, were usually not very great in absolute terms. Therefore, they 
will not greatly affect calculations of the geometric centre of the muscle from which 
the individual muscle lever arms were measured. Secondly, the differences in area 
did not greatly alter the relative contribution of each individual flexor or extensor 
muscle, to the total area occupied by the flexors and extensors respectively and 
therefore had only a small affect on the weightening factors used to determine the 
resultant lever arms for the flexor and extensor groups as a whole. It was noted that 
despite all statistically significant differences between two observers and two sides, 
ICCs were found to be very good being above 0.7 in most cases. Furthermore, 
averaged muscle areas from this study were similar to these from the cadaveric study 
by Kamibayashi and Richmond (Karnibayashi and Richmond, 1998) as shown in 
Table 5.17. 
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Muscle TRAP LS ES SA SCM LC 
MRI 8.1(4.0) 3.5(1.3) 8.4(1.9) 1.5(0.5) 2.0(1.1) 0.8(0.2) 
Cadavers 10.8(2.4) 2.2(0.8) 9.7* 1.4(1.2) 3.7(0.9) 0.9(0.3) 
Table 5.17 Comparison of muscle areas between the present MRI study and data 
obtainedftom a cadaveric study (Kamibayashi and Richmond, 1998). *SD is not 
known because PCSAs of two muscles were summed to represent the same group of 
muscles. 
Consequently, when statistical analysis was performed on the resultant lever 
arms obtained by the two observers, most values showed good agreement both 
between the observers, and between the left and right sides. Where values did differ 
significantly the actual difference was small and less than 2.5%. For this reason, it 
was decided to use average data from two observers for all subsequent analysis. 
A comparison of the resultant lever arms in men and women showed that 
values were significantly higher for men, regardless of posture. On average, lever 
arms for the women were between 81 and 88% of the values estimated for the men. 
Shorter muscle lever arms which result in relatively higher compressive forces 
during moment generation which may contribute to the higher incidence of neck pain 
reported in women (Guez et al., 2002; Makela et al., 1991; Vogt et al., 2003). 
Posture also influenced the resultant lever arms in a characteristic way in both 
man and women. In flexed postures, the extensor muscles become stretched and 
thinned resulting in a reduction in the lever arm, whereas in extended postures, these 
muscles shorten and thicken, resulting in an increase in the lever arm. For flexor 
muscles, the opposite trend is observed. These findings suggest that the moment 
generating capacity of muscle will be influenced by posture, not only because of the 
inherent effects of muscle length on the active and passive force that can be 
generated by a muscle, but also because of the associated changes in muscle lever 
arms. These findings highlight the importance of accounting for such effects when 
attempting to measure forces on the spine. 
In an attempt to predict resultant lever arms in future studies, without the 
need for expensive MRIs, multivariate regression analysis was performed to evaluate 
how well such lever arms could be predicted from various anthropometrics measures. 
Our findings suggest that weight, neck circumference and skinfold thickness 
measures at the front and back of the neck are possible good predictors of lever arms. 
R squared values for predictions ranged from 0.386 up to 0.804 for all subjects and 
from 0.636 up to 0.958 for men only. There was no predictor found for the lever 
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arms in women when these were considered independently from men. However, we 
believe that higher number of subjects would improve our statistical model in the 
future. 
Similar statistical analyses were performed to predict the distance "d" which 
was quantified as an average from all three head postures. In our EMG model, this 
distance will be used to predict the position of the centre of the C7-TI intervertebral 
disc in order to calculate the external lever arms about which force is generated 
during the isometric calibrations. These are described in detail in the next chapter. 
On average, "d" was 8.2 ± 1.0 cm and could be predicted accurately (R 2 =0.887) by 
the neck circumference and side neck ST. Some of these data were influenced 
heavily by the bulk of the skin at the back of the neck during extension but this 
should not have a large effect on the predictions of our EMG model because first of 
all this error is reduced by using the average value of -d- from all three head 
postures, and secondly small variations in the distance "d" and hence in the predicted 
position of the centre of the C7-TI ID, will have only a slight influence on the 
predicted external ]ever arms. This issue is discussed in more details in the next 
chapter. 
5.5. Conclusions 
These findings suggest that resultant muscle lever arms calculated from the 
MRI scans are significantly influenced by gender and posture. Women have shorter 
lever arms which would impose higher compressive forces on the cervical spine, 
comparing to men, to maintain the same bending moment. This should be taken into 
account in future EMG model in order to determine accurately compressive forces 
acting on the cervical spine. Furthermore, it was shown that these lever arms, as well 
as the centre of the C7-TI intervertebral disc, can be predicted with acceptable 
accuracy from anthropornetrical variables. Such predictions could be improved by 
obtaining data from a greater number of subjects over a greater age range, and a 
larger number of postures. Accurate predictions of muscle lever arms and ID centres 
will improve the estimate of forces in models of spinal loading, and the results of this 
study suggest that posture and gender should be taken into account when making 
such predictions. 
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CHAPTER 6 
EFFECTS OF POSTURE ON EMG-MOMENT RELATIONSHIPS 
IN NECK MUSCLES 
6.1 Introduction 
The importance of mechanical loading in the development of neck pain is 
supported by epidemiological studies which have shown that jobs involving work 
tasks above shoulder height (Fredriksson et al., 2002; Palmer et al., 2001b; Viikari- 
Juntura et al., 2001) or hand-transmitted vibrations (Palmer et al., 2001a) are 
associated with an increased risk of neck pain. The fact that people who spend long 
periods of time working at a computer (Fredriksson et al., 2002; Gerr et al., 2002; 
Hagberg and Wegman, 1987) are also at increased risk of neck pain suggests that 
sustained muscle contraction as well as high levels of peak loading may be 
detrimental to the health of the cervical spine, for reasons discussed earlier (Chapter 
1). However, we have little information about the loads acting on the cervical spine 
in life and how these might contribute to pain and injury. 
In previous chapters of this thesis, the loads required to cause injury under 
different types of loading conditions were investigated in cadaveric spinal segments. 
In life, the muscles of the neck will act to protect the underlying tissues of the 
cervical spine from bending injury but in doing so they may apply considerable 
compressive forces to the intervertebral disc. The final section of this thesis describes 
experiments that were carried out in order to tackle the problem of measuring muscle 
forces acting on the cervical spine. Experiments were performed in order to evaluate 
the feasibility of using EMG to estimate the forces that act on the cervical spine in a 
living person, and to make a first attempt to estimate such forces during everyday 
activities. 
For many years, linked-segment modelling (LSM) was the main approach 
adopted for measuring forces acting on the joints in vivo. The LSM technique 
estimates the net torque about a particular joint based on Newton's Laws. The whole 
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body is divided into a series of rigid segments which are linked by joints forming a 
chain. Forces are measured at either end of that chain and used as an input to 
calculate forces at each joint 'segment-by-segment' up to the particular joint of 
interest. Fundamental morphometry data for all human body segments are provided 
in the literature (Clauser et al., 1969; Dempster et al., 1959) and head and neck data 
from these studies are employed into the model. The main advantage of the linked 
segment model is that it allows estimation of forces on any joint, and some of the 
more sophisticated fully dynamic 3-D models enable forces acting in all three planes 
of movement to be determined simultaneously (Kingma et al., 1996). The main 
drawback of using linked segment models is that co-contraction of antagonistic 
muscles can not be taken into account, and this may cause the model to under- 
estimate the true force acting on the joint. EMG studies suggest that antagonistic 
muscle activity in the abdominal muscles during lifting can be considerable, and is 
dependent upon a number of factors including posture, load and lifting speed (Dolan 
et al., 1994b; Granata et al., 1999; Mannion et al., 2000). These findings may explain 
why an EMG model of spinal loading predicted higher overall extensor moments at 
L5-SI when compared to a linked segment model, and why the difference in 
estimated moments by the two models was influenced by speed, load and lifting 
posture (Dolan et al., 2001; Dolan et al., 1999; Kingma et al., 2001). 
ENIG models provide an opportunity to directly estimate forces in different 
muscles or to estimate the overall moments generated by a group of muscles in order 
to predict the forces acting on a joint. They have the practical advantage of being 
portable, which makes them suitable for use in the workplace were they have been 
used to great effect to assess occupational loading of the lumbar spine (Marras et al., 
1999). However, like the linked segment models, they also have their drawbacks. 
The EMG-force relationship is influenced by factors such as muscle length and speed 
of contraction, so such factors must be adequately accounted for if muscle forces and 
moments are to be accurately predicted from EMG measurements. Furthermore, 
EMG models can only predict those forces associated with the activity of the muscles 
under investigation. They cannot account for forces acting on the joint caused by the 
activity of other muscle groups. An example of this would be the axial accelerations 
that act on the spine during lifting caused by extension of the knee. Such forces 
would be detected by linked segment models but would not be detected by EMG 
models that relied solely on EMG measurements from trunk muscles. The size of this 
effect was investigated in a study which used both an EMG model and a linked 
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segment model simultaneously to evaluate spinal loading during a range of lifting 
activities (Dolan et aL, 1999). The results showed that the axial thrust, caused by 
contraction of the quadriceps muscle to extend the knee, was influenced by the load 
and speed of lifting, but, on average, accounted for only 4% of the total compressive 
force acting on the lumbo-sacral joint (Dolan et al., 1999). These findings suggest 
that under-estimation of the loads acting on the spine by EMG models would not be 
that great provided axial accelerations during lifting were not excessive. 
The main aim of the present study was to evaluate the feasibility of using 
surface EMG to deten-nine the compressive forces acting on the cervical spine. The 
relationship between EMG and moment generation in several muscles of the neck 
was investigated, and the dependence of this relationship on muscle length was 
determined. Such information is an essential first stage to developing and EMG 
model to assess the loads acting on the cervical spine in life. 
6.1.1 EMG as a tool for investigating muscle forces 
EMG is the study of muscle function from analysis of the electrical signal 
emanating from the muscle tissue, and in fact it is one of the oldest areas of 
physiological research. Basmajian and De Luca (Basmajian and De Luca, 1985) 
reported that Francesco Redi did the first study of electrical signals from muscles in 
1666 and Gasser and Newcomer visually displayed the signals using the first cathode 
ray oscilloscope in 1921. Advances in technology have improved the technique 
significantly during the past two decades, both in its quality and in accuracy. The 
electrophysiological signal transmits a great deal of information, and proper data 
analysis enables the possibility to learn more about the structure and function of the 
source emitting the signal. The basics of muscle physiology with special insight into 
the origins of the EMG signal and the influence of extraneous factors that affect the 
surface EMG are discussed below in order to provide a general background for our 
EMG model. In order to understand the physiological mechanism of muscle 
contraction, knowledge about its microstructure and metabolism is required. 
6.1.2 Muscle structure 
Within the muscle fibres themselves, each of which is a multi-nucleated cell, 
the 'sarcomere' is the basic unit of the contractile process. This unit contains two 
types of protein filament, called myofilaments. Several hundred sarcomeres join end 
to end to fon-n long fibrils called myofibrils. The spaces between the myofibrils are 
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occupied by mitochondria and glycogen for energy supply, and by the internal 
rnernbrane system. These myofibrils are bound together to form muscle fibres, which 
constitute the muscle cell shown in Figure 6.1. The filaments within the sarcomere 
Myofybril 
Figure 6.1 Schematic diagram of the ninscle cell (Torlora and Anagnostakos, 





unit are termed 'thick' and 'thin'. The thick filaments are made of myosin and have a 
double globular head. The thin filaments are made of actin and resemble a beaded 
chain. These thin chains are bound in a double helix to a long fibrous protein 
molecule, called tropomysin. Each tropomysin molecule bears a protein complex 
containing three troponin sub-units: 1, T, and C. Thick and thin myofilaments are Zý 
arranged in close proximity to each other with the myosin heads extending outwards. 
The myosin heads are known as cross-bridges and these bind to active sites on the 
actin molecule during the contraction phase. 
Each muscle cell is surrounded by a plasma membrane that can be electrically 
excited to produce action potentials. The action potential is caused by time- and 
voltage-dependent changes in the membrane permeability to sodium and potassium 
ions. The action potential rises in one location on the muscle fibre from a nerve 
stimulus, and propagates along the fibre producing several changes to the structure 
inside. The smallest subunit that can be controlled is called a motor unit and is 
innervated separately by a motor axon. The motor unit consists of the cell body of an 
alpha-neurone, the long axon running down to the motor nerve and all its terminal 
branches, and all the muscle fibres that are connected with these branches as shown 
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Fibres Figure 6.2Schentatic diagram (? f motor unii 
(Basmajian, 19 74, p. 8). 
Each muscle fibre receives a branch of an axon forming a neuromuscular 
junction (synapse), and each axon innervates more than one muscle fibre. The 
neuromuscular junction is formed by an enlarged nerve terminal called the 
presynaptic terminal, and the space between it and the muscle fibre is the synaptic 
cleft. The muscle cell membrane in this junction area is the motor endplate or 












Figure 6.3 Schematic diagram of the molor 
endplate (Seeley et al., 1995, p. 288). 
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6.1.3 Muscle metabolism 
Muscle cells are specialised to provide an adequate and constant energy 
supply for the contractile process. The primary energy source for skeletal muscle 
contraction is ATP. This molecule is readily split into ADP plus a free phosphate 
group and this reaction releases energy. Anaerobic and aerobic metabolic processes 
can maintain ATP supply. Most ATP is generated by oxidative phosphorylation, 
which occurs in the mitochondria of the cell. This involves the phosporylation of 
ADP to ATP and subsequent electron transfer into a chain. Direct formation of ATP 
by chemical reaction is called 'substrate level phosphorylation'. ATP can also be 
generated from anaerobic pathways such as glycolysis and fatty acid pathways. In 
glycolysis, glucose in the cytoplasm is converted to lactic acid, which releases 
enough inorganic phosphate (Pi) to phosphorylate two ADP molecules to ATP. If 
oxygen is present, the lactate can be broken down via aerobic pathways to yield 36 
ATP molecules. Muscle maintains activity for longer periods than ATP stores would 
indicate because ATP can be quickly regenerated by a reserve of energy in the form 
of creatine phosphate (CrP). The CrP rephosphorylates ADP to ATP and becomes 
creatine (Cr) in the process. The Cr then slowly regenerates to CrP during normal 
ATP cellular metabolism, linking cellular and contractile ATP sources. This 
regenerative supply is short lived and is used up quickly in about 8 to 10 seconds 
during a maximal effort such as a sprint (Harris et al., 1976). Once this store is 
depleted, the rate of energy supply falls dramatically. The enzymes for all these 
reactions require specific pH and temperature conditions, which must be maintained 
in order to provide adequate ATP supplies. The balance of energy supply and 
demand in the cell is delicate, and problems arise when the cell is active for a long 
time and internal conditions change. The metabolic processes causing an increase in 
the rate of cellular reactions generate heat. This causes an increase in the rate of ATP 
production but also in its utilisation rate. As the cell runs out of oxygen, lactic acid is 
produced in great amounts, which causes the pH and ATP levels to fall. Hence, 
changes in the internal environment that may occur during muscular effort may have 
an adverse effect on the rate of energy supply to the muscle fibres. 
6.1.4 Mechanism of muscle contraction 
The whole process of muscle contraction is initiated when a nerve impulse 
reaches the synaptic end-bulb of an axon terminal when acetylcholine is released into 
the synaptic cleft. The acetylcholine diffuses across the cleft and combines with 
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receptor sites on the fibre membrane, creating a change in permeability of the 
mernbrane. Under resting conditions, membrane protein pumps maintain the 
concentrations of sodium and potassium ions inside and outside the cell. The 
permeability change in the membrane causes protein-gated channels in the cell 
membrane to open, allowing an influx of positively charged sodium ions. This causes 
a local depolarisation of the cell membrane, and if this reaches the threshold potential 
than it will result in the propagation of an action potential along the muscle fibre. 
Membrane bound protein pumps 'push' the sodium ions back out and return the 
membrane potential to its resting stage. The rate of the action potential propagation 
along the muscle fibre is called the conduction velocity. It is dependent on the rate of 
repolarisation and depolarisation of the muscle cell membrane. The repolarisation of 
the membrane is an active process that requires energy in the form of adenosine 
triphosphate (ATP). Maintenance of conduction velocity is therefore ATP- 
dependent. 
The action potential propagates in both directions along the muscle fibre and 
downward into the internal membrane system. This internal system comes into close 
contact with the sarcoplasmic reticulurn in the cells, which as a closed membrane 
system, stores calcium ions. Upon receiving the action potential the sarcoplasmic 
reticulurn releases these calcium ions into the cytoplasm and initiates the contractile 
process. Relaxation occurs when ATP-dependent calcium pumps within the 
sarcoplasmic reticulum membrane pump the calcium ions back into the sarcoplasmic 
reticulum. The calcium pump is also adversely affected by ATP depletion during 
muscle effort, which can lead to a failure of relaxation, called 'rigor'. 
When the filaments are at rest, an ATP molecule 'sits' on the cross bridge and 
there is no interaction between the two myofilaments. Once the calcium ions have 
been released, they diffuse into the region of the myofilaments and bind to the 
troponin C on the thin filament. This enables the thin actin filament to interact with 
the thick myosin filament. In the presence of calcium, the actin filament joins to the 
myosin cross bridge at 90' and releases the ATP from this position. As the ATP is 
released, it breaks down into a phosphate ion and an adenosine diphosphate (ADP) 
molecule. The resulting energy release causes a conformational change in the cross- 
bridge and the angle between the cross-bridge and the two filaments changes. This 
'power stroke' pulls the filaments past each other, and the sarcomere contracts. To 
break the cross bridge requires the splitting of a further ATP molecule. Hence, both 
the making and breaking of cross-bridges are energy-dependent processes which are 
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susceptible to a reduced concentration of energy-yielding ATP within the muscle 
tissue. The primary stage single contraction of a muscle fibre is called a 'twitch'. For 
a sustained contraction to be maintained, repeated stimuli from the central nervous 
system must arrive at the motor end plate at close enough intervals to cause 
summation of the twitch contractions. This leads to a tetanic contraction of greater 
force. 
6.1.5 Skin surface EMG signals 
Activation of a motor unit is observed in the EMG signal as the almost 
simultaneous occurrence of a number of action potentials, and these make up the 
motor unit action potential (MUAP). Due to the electrical conductivity of the 
surrounding tissue, an EMG signal can be recorded by electrodes at some distance 
from the muscle fibres. Many types of EMG electrodes have been developed, but 
generally they are divided into two groups: surface and indwelling (intramuscular). 
Surface electrodes are 'better' for the purpose of this study. They detect the average 
activity of superficial muscles and give more reproducible results then do indwelling 
electrodes (Kadaba et al., 1985). They are also non-invasive and much easier to use 
in experimental work. 
The recordings from surface electrodes involve many action potentials from 
all the fibres within the vicinity of the electrode pick-up area. The resulting signal is 
a super-imposition of all action potentials within this area. The shape of the 
waveforins detected depends on the relative positions of the fibres to the detection 
site. The inter-pulse interval between successive action potentials, which is called the 
'firing frequency', is determined by the rate of innervations of the motoneurone and 
the speed at which the fibre membrane potential can return to the resting level. 
Changes in the number of active motor units and their firing rate allow the level of 
muscle force to be controlled. Generally, motor units are recruited in a specific order 
according to the 'size principle' (Henneman, 1980). Small motor units are recruited 
at low thresholds and generate relatively low forces. With increasing force, larger 
motor units are recruited. This size principle makes a smooth regulation of force 
possible at any force level. Beyond the level of a newly recruited motor unit, the 
firing rate increases. Summarizing, the activation of motor units and their firing rate 
are the main components of the EMG signal. 
The characteristic EMG signal is time and frequency dependent, with 
amplitude that varies above and below zero. The recorded signal can be processed in 
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one or more ways in order to extract the relevant information. Initially, processing 
involves rectifying the EMG signal, which converts the signal to a purely positive 
voltage. This can be done by either ignoring the negative signal (half wave 
rectification-HWR), or inverting the negative signal to positive (full wave 
rectification-FWR). FWR provides the most information because all the signal 
energy is maintained. FWR EMG can be quantified in terms of its amplitude using 
moving average as well as linear envelope. The first one was chosen in this study and 
is described later in more details (see Section 6.2.3). Since the EMG model is based 
on determined relationships between generated force and EMG activity during 
isometric contractions, it will not make a difference which method is employed as 
long as it is kept consistent through the whole process of analysis. Finally, various 
types of digital filtering and smoothing are often applied to the rectified signal to 
reduce the effects of noise and movement artefact, and this acts to improve the signal 
to noise ratio. 
Over the last twenty years, as EMG signal processing has been improved, the 
feasibility of using EMG to predict the force generated by active muscles has been 
explored. Previous studies have reported either linear (Keshner et al., 1989; Queisser 
et al., 1994) or curvilinear (Schuldt and Harms-Ringdahl, 1988a) relationships 
between force generation and the amplitude of the surface EMG signal during 
isometric contractions. However, factors such as the length-tension relationship of 
muscle, and the contribution of passive tension to force generation, will invariably 
cause changes in the EMG-force relationship as the muscle lengthens or shortens. 
Consequently, any attempt to use EMG to predict muscle forces during dynamic 
contractions must account for the changes in length that occur under such conditions. 
6.1.6 EMG of the neck musculature 
The muscle structure of the neck is very complex and there are about 20 
overlapping muscles with different fibre directions. These factors have significant 
influences on the EMG recordings, and correct placement of the electrodes is 
essential to avoid 'cross-talk', which is basically a cross-contamination of the signal 
from one muscle with that of a neighbouring muscle. This problem is associated 
specifically with EMG when signal is detected from electrodes that are placed close 
to each other on the skin surface. The recent review of use ENIG technique to 
estimate neck muscle activity (Sommerich et al., 2000) suggests that only trapezius 
(TRAP), splenius capitis (SC), sternocleidomastoid (SCM), and levator scapulae 
III 
Chapter 6, Effects of Posture on E. Nl (; -, Nl omen t Relationships in Neck Muscles 
(LS) offer the possibility of EMG recordings as it is shown in Figure 6.4. 
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Figure 6.4 Example of electrode placement possibilities, for surface EAfG recordings oj 
the neck musculature (Taken and combined. from Lu et al., 1996 and Schuldt and Harms- 
Ringdahl, 1988a). 
6.1.7 Isometric contractions 
Isometric contraction is an active tension which occurs when the muscle is 
activated at its constant length being not allowed to lengthen or shorten. For 
example, keeping a head in flexion or extension in a static manner would lead to 
neck muscles isometric contraction in order to act against the bending moment 
created by the weight of the head. A more extreme example would be fast riding on 
the motorcycle when the neck muscles would have to act opposite to the bending 
moment acting from the head with helmet and additionally to the air resistance force, 
which is normally minimised by the windshield and body position. In general, each 
time the head is not moving the neck muscles will contract isometrically unless the 
head position would form a mechanical equilibrium on the cervical spine or the 
bending moment would be supported by the passive tension in tissues such as 
muscles, ligaments and fascia. The mechanical equilibrium would be created for 
example when head would be supported on the bed or pillow so there would not be 
any bending moment acting on the cervical spine and no muscle contraction would 
be needed. In some circumstances a passive tension in tissues can resist fully bending 
moment from the weight of the head e. g. when head is fully flexed (hang) in relaxed 
manner. As mentioned before, this EMG model would take into account active as 
well as passive tension because both of these are generated during isometric 
contractions. 
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It is well known that active muscle force is proportional to the number of 
active actin/myosin binding sites which are dependent on muscle's length. If the 
muscle shortens, the increasing overlap of actin and myosin chains leaves relatively 
few additional binding sites and if the muscle is elongated, decreasing overlap of 
actin and myosin chains provides also relatively few binding sites. Therefore an 
intermediate length is an optimal one for the force generation because the greatest 






: 50% Figure 6.5 The length-tension curve at 
25% various percentages of motor unit 
Passive activation. 10 is an optimal intermediate 
Tension muscle length. Note that for lengthen 
non-activated muscle a passive tension 
is generated (Taken and modifiedfrom 
LENGTH Winter, 1990, p. 174. ) 
A set of active length-tension curves at various percentages of motor unit activation 
is shown in Figure 6.5. Note that for non-activated muscle a passive tension is 
generated, which would be a part of passive force generated during isometric 
contractions. It would only be a part since a passive tension from other tissues such 
as stretched ligaments and fascia would also play a role. Previous work on the 
lumbar spine in our laboratory has shown that, when the spine is substantially flexed, 
passive tension in stretched ligaments, fascia and muscle can account for 30-35% of 
the maximum extensor moment generated by the back muscles (Dolan et al., 1994b) 
and this may also be true for the neck muscles. It is therefore extremely important to 
include passive tension in the model; otherwise the true compressive forces will be 
underestimated towards the limits of motion in flexed or extended postures. 
In order to evaluate the effect of muscle length on EMG-moment 
relationships in the neck, each subject will be asked to perform a set of isometric 
contractions for a range of head postures in sagittal plane going from the full 
extension up to the full flexion. This would effectively change the neck muscle 
length and provide EMG-moment relationships throughout the whole range of 
flexion-extension movement. The gradient in EMG-moment relationship represents 
113 
Chapter 6, Effects of Posture on ENIG-Moment Relationships in Neck Muscles 
the moment generated per unit of EMG whereas the intercept represents the moment 
generated in passive tissues in the absence of EMG activity (Dolan et al., 1994b). 
This way, both active and passive moment will be quantified for every isometric 
contraction and related to the head posture hence muscle length. This approach was 
developed and successfully implemented by Dolan and Adams (Dolan and Adams, 
1993) in our laboratory to investigate forces acting on the lumbar spine and it is 
essential to point out that it does not measure forces in individual muscles: rather, it 
uses EMG recordings from one muscle to predict moments generated by the whole 
group of synergists. 
Furthermore, every subject is asked to perform each isometric contraction up 
to the maximum voluntary contraction (MVC) and therefore an isometric strength of 
the neck muscles of our subjects can be recorded and compared with previous studies 
where either theoretical or real isometric strength were reported. 
6.2 Materials and Methods 
6.2.1 Protocol 
In order to investigate the relationship between EMG and moment generation 
in muscles of the neck, subjects performed two series of isometric contractions; one 
which evaluated the neck flexors and another which evaluated the neck extensors. In 
each series of experiments, contractions were performed with the head in five 
different postures. Postures designated as "full flexion" or "full extension" 
represented the limits of flexion or extension that the subject could comfortably 
achieve whilst seated in the testing apparatus. Those designated as "half flexion" or 
"half extension" represented the approximate mid-way position between the neutral 
(erect) posture and "full flexion" or "full extension" respectively. 
For each series of contractions, the order of testing was randomised, and 
subjects were given approximately three minutes rest between each trial in order to 
minimise any effects of muscle fatigue. During each contraction, subjects pulled with 
gradually increasing force against a strap placed around the head and attached to a 
load cell as shown later in Figure 6.6. Subjects were instructed to build up to their 
maximum force over approximately five seconds, and during this time, the force 
exerted on the load cell, and the surface EMG activity of the trapezius and 
sternocleidomastoid muscles, were measured simultaneously. Throughout each 
contraction, recordings were also made from Fastrak sensors placed on the head, 
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neck and sternum, to obtain a measure of the head angle. A final set of measurements 
was obtained using the MacReflex system which recorded the position of reflective 
markers placed on the head-strap, on the Fastrak sensors, and over the ear canal. This 
data was used to determine external ]ever arrns and the position of the centre of mass 
of the head during each test. 
The flexor or extensor moment generated throughout each contraction was 
determined and plotted against the flexor (stemocleidomastoid) or extensor 
(trapezius) EMG activity. Linear regression was used to define the relationship 
between moment generation and EMG for each contraction, in each of the five 
different head positions, to enable the effect of head position, and hence muscle 
length, to be determined. Details of the subjects, testing procedures, and data analysis 
are given below. 
6.2.2 Subjects 
Four men and four women participated in the study which was approved by 
the Local Research Ethics Committee. Initially, it was planned to recruit all 12 
subjects who completed the MRI evaluation. However, due to the relatively long 
time gap between the MRI study and the EMG experiment, only six of these subjects 
(4 men and 2 women) had previously taken part in the MRI study described in 
Chapter 5. One subject repeated the tests on the initial testing day and then repeated 
them on a separate day to assess their reliability. Furthermore, this is a novel and 
challenging study with a large amount of numerical analysis involved. Therefore, it 
was decided to focus on monitoring and improvements of all technical aspects during 
this initial stage rather than number of participants, which is going to be increased in 
the future since the funding to continue this work has been secured from the ARC. 
All subjects gave their written informed consent to take part after receiving a Subject 
Information Sheet which explained the purpose, protocol and benefits of the study 
and any risks/discomfort that their participation might entail. None of the subjects 
reported any history of chronic neck pain, nor did they experience neck pain before, 
at the time, or after testing. Details of age, gender and basic anthropometrics 
information are shown in Table 6.1. 
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Subject 







F 20* 20 168 84 33.0 
F 22 22 168 66 31.8 
F 23 23 170 64 34.5 
F 47* 47 164 56 32.8 
M 27' 27 184 108 43.0 
M 28 28 177 64 36.9 
M 29 29 184 75 40.4 
M 50 50 186 77 39.0 
Mean±SD 30.7±11.4 175.1±8.7 74.2±16.3 36.9±4.1 
Table 6.1 Physical characteristics Qf the eight subjects who participated 
in the study. Subjects denoted by an asterisk* did not take part in the 
MRI studýv. One subject performed repeated tests on two separate days. 
6.2.2 Testing procedure 
Subjects were seated in a testing chair and restrained by straps around the 
torso and pelvis to prevent any movement during the isometric contractions. The 
testing chair could be moved forward or backward in order to adjust the horizontal 
distance between the subject and the load cell. It could also be rotated through 180 
degrees to enable subjects to perform isometric contractions of either the flexor or 
extensor muscles of the neck. The set-up for testing the flexor muscles is shown in 
Figure 6.6. 
Figure 6.6 A subject positioned to perform 
an isometric contraction of the neck 
flexors with the head in extension. 
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Force measurements 
A rugby helmet fitted with an adjustable strap that encircled the head was 
worn during testing. This strap was attached to aI kN strain-gauged load cell 
mounted to runners on the wall adjacent to the testing chair. The height of the load 
cell could be adjusted vertically according to the subject's head position. Throughout 
each isometric contraction, the force generated on the load cell was recorded at 1024 
Hz, A-D converted, and stored on a PC for subsequent analysis. 
Electromyography 
Biotrace TM bio-adhesive Ag/AgCl electrodes were used to record the surface 
EMG signal from the stemocleidomastoid (SCM) and trapezius (TRAP) muscles. 
Electrodes were placed bilaterally at one-third of the distance between the rostral and 
sternal attachments for SCM, and 2 cm from the midline at the level of C5-C6 for 
TRAP, following previous recommendations from the literature (Sommerich et al., 
2000). Prior to the application of electrodes, the skin was prepared by shaving (if 
necessary), gentle abrasion using MSB cardio-preps TM abrasive pads to remove dead 
skin cells, and swabbing with alcohol to remove any grease or debris. Pairs of 
electrodes were then placed over the left and right SCM and TRAP with a centre-to- 
centre distance of approximately 20 mm, along the approximate fibre direction of the 
underlying muscle, and a reference electrode was placed over the manubriurn stemi. 
The impedance between each recording electrode and the reference electrode was 
checked and if this was greater than 10 kK2 then the skin preparation was repeated 
until it fell below this value. These procedures helped to ensure that a high signal-to- 
noise ratio was achieved. 
Throughout each contraction, the EMG activity was recorded, simultaneously 
with the force measurements, at 1024 Hz. EMG signals were input to a differential 
amplifier (Biodata, Manchester, UK), band pass filtered between 8-1000 Hz, A-D 
converted, and stored on a PC for subsequent analysis 
Fastrak measurements 
Four Fastrak sensors were attached to the head, neck and sternum (Figure 
6.7), as described in Chapter 5. The angle and position of these sensors relative to the 
Fastrak source was recorded at 30 Hz throughout each pull in order to monitor the 
head position. In extension, skin buckling and electrical interference on the signal 
from the SI and S2 sensors, which came into close proximity with one another, 
resulted in some erroneous measurements. Therefore, the angle between the S3 and 
S4 sensors was used to determine the head angle. For each contraction, an average 
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value was determined, and this was expressed as a percent of the full range of head 
flexion or extension which was measured separately, in standing, as described in 
Chapter 5. 
MacReflex measurements 
The MacReflex motion analysis system was used to record the position of 
various reflective markers, placed on the subject or the apparatus, throughout each 
contraction. Three reflective markers attached to the head-strap and another attached 
to the load cell, were used to identify the line of action of the generated force. A 
further marker placed on the ear canal was used to indicate the position of the centre 
of mass of the head and neck segment during each contraction. Additional markers 
placed on the Fastrak sensors attached to the head (S2 and S3) were used to define 
points of correspondence between the co-ordinate systems of the MacReflex and the 
Fastrak. This enabled Fastrak and MacReflex data points to be represented within 
one and the same coordinate system in order to perform essential geometrical 
calculations of external lever arms which are discussed in more detail later in this 
section. Because of the static nature of the contractions, positional data for each 
MacReflex marker, like the Fastrak data, was averaged throughout each contraction 
A schematic diagram of the measurement set-up is shown in Figure 6.7. 
Luad 













Figure 6.7 Schematic diagram of the apparatusfor isometric contractions. Note 
that both the helmet and EMG reference electrode are not shown here. 
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6.2.3 Data acquisition and analysis 
All data were acquired electronically using three separate computers: a PC to 
record data from four EMG channels and the load cell, a laptop to record Fastrak 
measurements, and a Macintosh to record MacReflex camera data. This complex 
data acquisition system allowed for all data to be recorded simultaneously which was 
essential for this study. A schematic diagram is shown in Figure 6.8. 
When all tests were finished, data from all sources were transferred to a 
laptop, and analysis was performed using a student version of MATLAB 
(MathWorks, USA) and Excel (Microsoft, USA). This analysis included the EMG 
signal processing as well as calculations of bending moment, to enable the 
relationship between them to be identified. Statistical analysis was then performed to 
compare EMG-moment relationships for flexor and extensor muscles across the 
different head postures. 
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EMG signal analyshv 
The raw EMG signal (EMG, ) from each recording site was full-wave rectified 
as shown in Figure 6.9. The rectified data from the two EMG I[EM 
bilateral recording sites for each muscle were then averaged, after which smoothing 
of the signal was achieved by applying a moving average across a window of 0.4 sec: 
EMG 
i 
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Figure 6.9 Raw andfidl-wave rectified EAIG of SCAI recorded in a 29 years old 









Figure 6.10 Full-wave rectified and averaged EMG of SCAf recorded in a 29 
vears old 177ale during an isometric contraclion of the neck flexors in the 
neutral headposilion. 
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Various time-averaging windows between 0.2 and 0.6 seconds were applied 
in preliminary experiments where EMG data was recorded during both isometric 
contractions and dynamic activities. Visual inspection of these traces suggested that a 
window of 0.4 seconds was the most suitable because it provided sufficient 
smoothing to achieve a reliable relationship between EMG and moment generation in 
the isometric contractions whilst still preserving the activity-related peaks in EMG 
that occurred during the dynamic activities. After averaging the signal in this way, 
the first and the last 0.2 sec of the EMG signal were cut off due to the nature of the 
moving-average algorithm for which the first and last output points are in the middle 
of the first and last window (Figure 6.10). 
Calculation of bending moment 
In order to calculate bending moments during each isometric contraction, a 
time-slice was first of all defined which started at the point when the contraction was 












Figure 6 11 Force generated by a 29 years old male during an isometric 
contraction of the neckflexors in the neutral headposition. 
For the defined time-slice, the data from the Fastrak and MacReflex were 
averaged according to the assumption that no significant movement occurred during 
the isometric contraction. MacReflex data were converted from pixels into 
centimetres based on the ratio (rp) which was computed for each measurement in the 
following way: 
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where 11 and 12 are 
known distances in centimetres between two given pairs of markers whose 
coordinates x and y were recorded in pixels. 
External lever arms for force and the weight of the head (and neck) were 
calculated based on known x and y coordinates of points recorded by the Fastrak and 
MacReflex. The line of action of the force generated on the load cell was determined 
using linear regression of the XY co-ordinates of five MacReflex markers (3 on the 
strap, I on the load cell and a fifth on one of the Fastrak sensors, which acted as a 
point of correspondence between the Fastrak and MacReflex co-ordinate systems. 
The Fastrak sensor used for this purpose was either on the forehead (S3)) or at the 
back of the head (S2) depending upon whether flexion or extension respectively was 
being attempted. 
The lever arm for the force (4f) generated on the load cell was calculated as 
the distance between the linear function which represented the line of action of the 
force and the centre of the C7-T] intervertebral disc. The equation for the shortest 
segment from a given point (xojo) to the line Ax+By+C=O was used: 
jAx, + By, + C1 df = ýA 2 B' 
where A, B, and C are coefficients of the linear function and 
xo, yo are coordinates of the centre of the C7-TI disc predicted from the MRI study 
(distance -d"). (An assumption was made here that the centre of the C7-TI disc 
would be aligned horizontally with the centre of the SI Fastrak sensor placed over 
the C7 spinous process. If this assumption is not upheld then this would introduce a 
source of error in the calculations which is examined in more detail in the 
discussion. ) 
The lever arm for the mass of the head (and neck), dh, was calculated as the 
horizontal distance between two points with known coordinates: 
dh ý 
V(Xm 
- Xd where x is the x coordinate of the centre of mass of the head 
(obtained from the marker over the ear canal), and Xd is the x coordinate that 
represents the centre of the C7-TI disc. 
Having defined the forces and lever arms in this way, the bending moment 
was then calculated based on the following equation: 
M. = (Ff x df )+ (F, x dj, where Fj is the force generated on the load cell with a 
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lever arm of df about the centre of the C7-Tl disc, and Fh is the vertical force acting 
from the weight of the head (and neck) acting on a lever ann of dh about the centre of 
the C7-TI disc (Figure 6.12). For the purposes of this study, the mass of the head, 
Wi,, is assumed to be 7.55% of the total body mass (Clauser et al., 1969) so that the 
force acting from the weight of the head is given by: 
Fh = Wh x g, where g is the acceleration due to gravity (g=9.81 MS-2 
Depending upon the position of the head, the mass of the head will generate 
either a flexor or extensor moment about the C7-TI disc which must be taken into 
account. For example, when attempting to extend the head from a flexed position, the 
flexor moment due to the mass of the head must be balanced by an equal and 
opposite extensor moment generated by the extensor muscles, so this must be added 
to the moment generated by pulling on the load cell (Figure 6.12). 
Figure 6.12 Modelfor calculating muscular moment 
(Mm) about the centre of the C7- TI disc. 
Mm = (Ff x dr )+ (Fh x dh ) 
(Adoptedftom Schuldt and Harms-Ringdahl, 1988a) 
Determining EMG-moment relationships 
For each contraction, the bending moment (M,,, ) was plotted against the 
rectified and averaged EMG data (EMG,,,, ) after first making corrections for the 
electromechanical delay. Previous investigations suggest that the electromechanical 
delay is approximately 0.1 sec for erector spinae muscles (Dieen van et al., 199 1). In 
the absence of any similar data for the neck muscles, EMG data was shifted forward 
in the time domain by this amount to obtain the appropriate correspondence between 
EMG and moment generation. 
Visual inspection of individual graphs indicated that for both SCM and 
TRAP, the EMG-moment relationship was essentially linear. Therefore, least squares 
linear regression was used to define this relationship, for each of the isometric 
contractions performed, as shown in Figure 6.13. The gradient of the regression line 
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(G) indicates the increase in moment generated per unit increase in EMG activity 
whereas the intercept (1) represents the moment generated in the absence of any 
recorded EMG activity. The latter is thought to reflect the moment generated by 
stretched passive tissues and is therefore expected to vary with muscle length (Dolan 
and Adams, 1993). The gradient is also likely to be influenced by muscle length 
because active force generation is dependent upon the length-tension relationship of 
the muscle. For each subject, values of the gradient and intercept were therefore 
determined for each muscle (TRAP and SCM) in each posture to enable the effects 










Figure 6.13 Relationship between bending moment and EA fG activity. Data is 
shown for a 29 years old man performing an i. sometric contraction of the neck 
flexors in the neutral head posture. The R2 value of 0.99 indicates a highly 
linear relationship. for the sternocleidomastoid muscle. 
6.2.4 Statistical Analysis 
Values of G and I in different head postures were compared for both muscles 
(TRAP and SCM) using repeated measures analysis of variance (ANOVA). Repeated 
measures ANOVA were also used to deten-nine the reliability of measurements in the 
subject who repeated the tests on two separate days. 
The dependence of G and I upon posture was also deten-nined independently 
for each subject by plotting these values against head position when the latter was 
expressed as a percentage of each subjects range of flexion or extension. In this case, 
various curve fitting routines were then used to describe this relationship for each 
individual who participated in the study. 
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6.3 Results 
6.3.1 Head posture 
The postures achieved in the five different test positions are shown in Table 
6.2 for the two series of contractions performed by the neck flexors (attempted 
flexion) and extensors (attempted extension). The standard deviation (SID) of the S3 
and S4 Fastrak angles, recorded during each isometric contraction, were on average 
1.91±1.46' and 1.21±1.02' compared to 0.41±0.40' and 0.42±0.49' obtained during 
static measurements, suggesting that there was little change in head position during 
each pull, and that the contractions were essentially isometric. 
Head Position in Attempted Flexion 
Full "Full" Flex "Half' Flex Full "Full" Ext "Half' Ext Flex Ext 
Subject (deg) (deg) (deg) (deg) (deg) (%) (deg) 
F-20* 55.9 37.8 68 25.4 45 64.6 35.5 55 26.2 41 
F-22 54.4 39.8 73 28.7 53 72.9 44.3 61 28.9 40 
F-23 55.3 44.1 80 31.1 56 62.1 44.8 72 32.1 52 
F-47* 55.9 43.1 77 30.6 55 64.6 33.4 52 24.5 38 
M-27 57.8 44.2 76 30.1 52 66.9 41.2 62 27.6 41 
M-27ý 57.8 46.3 80 35.8 62 66.9 51.8 77 35.4 53 
M-27+ 57.8 45.1 78 36.9 64 66.9 46.2 69 32.3 48 
M-28 51.0 44.0 86 28.7 56 70.9 38.9 55 25.4 36 
M-29 69.3 49.7 72 37.6 54 66.0 35.4 54 26.9 41 
M-50 59.8 41.3 69 29.8 50 80.0 42.2 53 30.0 38 
Mean 57.5 43.5 76 31.5 55 68.0 41.4 61 28.9 43 
SD 4.8 3.4 5.6 4.0 5.4 5.2 5.7 9.1 3.5 6.1 
Head Position in Aftempted Extension 
F-20* 55.9 45.9 82 32.1 57 64.6 41.8 65 28.4 44 
F-22 54.4 30.0 55 20.4 38 72.9 36.7 50 25.7 35 
F-23 55.3 43.6 79 31.2 56 62.1 34.5 56 25.4 41 
F-47* 55.9 41.0 73 31.1 56 64.6 40.6 63 29.8 46 
M-27 57.8 52.9 92 38.9 67 66.9 39.8 59 28.4 42 
M-27+ 57.8 46.0 80 32.6 56 66.9 363 54 24.9 37 
M-27+ 57.8 47.9 83 34.5 60 66.9 38.1 57 26.3 39 
M-28 51.0 42.9 84 28.7 56 70.9 49.3 70 36.2 51 
M-29 69.3 37.9 55 24.3 35 66.0 38.4 58 28.6 43 
M-50 59.8 42.9 72 29.7 50 80.0 51.3 64 34.5 43 
Mean 57.5 43.1 75 30.4 53 68.0 40.7 60 28.8 42 
SD 4.8 6.1 12.1 5.1 9.9 5.2 5.5 5.7 3.8 4.5 
Table 6.2 Head position performed during isometric contractions. *Subjects who did not 
take apart in the AIRI study. 'Repeated tests. 
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6.3.2 Effects of posture on maximum force generation 
The maximum force generated on the load cell during isometric contractions 
ranged from as little as 17.4 N up to as much as 309.2 N depending on the subject 
and the head position. On average, this force was almost 65% higher in attempted 
extension than attempted flexion and approximately 150% higher in men than 
women. The averaged lever arms of generated force (df) measured simultaneously 
varied from 9.0 cm up to 23.3 cm depending also on the subject and the head 
position. The SID for df in each contraction was on average 0.20 cm and never 
exceeded 0.90 cm. 
The vertical force acting from the weight of the head depended on each 
subject's total weight and ranged from 41.5 N up to 80.1 N. The bending moment 
from that force was excluded from calculations (Mhý0) for the neutral head positions 
based on the assumption that the centre of the head mass is in vertical line with the 
centre of the C7-TI disc which is a pivot point in the spine. In the neutral head 
posture, this pivot point is approximately in vertical line with the ear canal, which is 
assumed to be the geometric centre of the head mass (Clauser et al., 1969) Therefore, 
there is no lever arm thus moment acting from the weight of the head. Overall, the 
lever arms for the force acting from the mass of the head (dl, ) ranged from 0.0 cm 
(assumed in the neutral head position) up to 13.0 cm in full flexion with SID for each 
contraction being on average 0.27 cm and never exceeding L' )0 cm. 
The mean maximum moments in the neutral head position resolved at C7-TI 
disc were -33-33.9±18.3 
Nm and 10.1±7.5 Nrn for extension, and 2333±11.7 Nm and 
8.0±3.4 Nrn for flexion, for men and women respectively. A comparison with 
previous studies of the neck strength is shown in Table 6.3. Women generated 37% 
Study Subject's No. Extensor Flexor 
and Gender (F/M) Moment (Nm) Moment (Nm) 
Harms-Ringdahl and Schuldt 1OF 29 not measured 
Jordan et al. 
50M 55±14 30±9 
50F 48±15 21±8 
Vasavada et al. 11M 52±11 
30±5 
5F 21±12 15±4 
4M 34±18 23±12 
Current study 4F 10±7 8±3 
Table 6.3 Comparison of the neck isometric strength. 
and -336%, on average 
for all five head positions, of the flexor and extensor moment 
generated by men, and the maximum flexor moments were on average 62% and 65% 
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for men and women respectively of the maximum extensor moments. Detailed 
results of forces, lever arms, and bending moments (mean±SD), in both attempted 
flexion and extension, and are shown in Table 6.4 for men and Table 6.5 for women. 
Attempted Flexion (Men) 
Max 
Head Position Ff (N) df (cm) Fh (N) dh (CM) Moment 
(N m) 
"Full" Flexion 139.3±92.1 14.5±1.3 Ranged 8.0±1.1 - 16.5±9.5 
"Half' Flexion 142.6±91.4 15.5±2.2 between 5.4±2.3 20.3±10.2 
Neutral 110.3±64.6 18.2±0.9 47.0-80.1 0.0* 23.3±11.7 
"Half' Extension 127.9±68.6 13.7±1.4 Mean±SD 2.5±0.8 20.2±8.3 
"Full" Extension 103.4±40.1 14.9±2.1 59.8±14.2 5.7±0.6 16.3±8.4 
Attempted Extension (Men) 
"Full" Flexion 187.7±83.5 12.7±2.4 Ranged 11.1±1.8 31.9±13.0 
"Half' Flexion 170.0±64.3 14.0±2.0 between 4.7±1.6 29.2±12.3 
Neutral 183.3±121.4 17.8±0.8 47.0-80.1 0.0* 33.9±18.3 
"Half' Extension 204.0±111.9 16.7±2.4 Mean±SD 5.6±4.1 32.0±18.6 
"Full" Extension 198.9±80.1 17.0±2.8 59.8±14.2 8.1±3.0 29.1±15.6 
Table 6.4 Average values of forces, lever arms, and maximum bending moments 
generated by men (n =4). *For neutral headposit ion the dh was assumed to be zero. 
Attempted Flexion (Women) 
Max 
Head Position Ff (N) df (cm) Fh (N) dh (CM) Moment 
(N m) 
"Full" Flexion 83.6±46.2 14.4±5.7 Ranged 5.6±11.9 5.6±4.5 
"Half' Flexion 95.6±51.5 13.2±4.2 between 4.7±11.7 5.7±4.4 
Neutral 65.1±27.2 16.3±5.4 41.6-62.8 N 0.0* 8.0±3.4 
"Half' Extension 54.7±18.3 13.3±2.5 Mean±SD 3.2±2.0 6.9±2.8 
"Full" Extension 51.3±33.4 13.5±1.2 50.1±9.0 N 6.9±3.1 8.9±1.3 
Attempted Extension (Women) 
"Full" Flexion 109.2±92.3 11.6±3.0 Ranged 6.9±0.7 12.9±5.6 
"Half'Flexion 122.2±89.9 12.5±2.9 between 3.7±1.2 12.2±7.5 
Neutral 111.0±87.9 12.3±1.9 41.6-62.8 N 0.0* 10.1±7.5 
"Half' Extension 103.2±28.2 12.9±1.8 Mean±SD 1.3±0.7 10.7±4ýO 
"Full" Extension 128.9±101.8 14.3±5.0 50.1±9.0 N 3.3±1.4 9.8±6.8 
Table 6.5 Average values of forces, lever arms, and maximum bending moments 
generated by women (n= 4). *For neutral headposition the dh was assumed to be fero. 
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6.3.3 Effects of posture on EMG-mornent relationships 
Posture had a significant effect on both the gradient (P=0.0001 ) and intercept 
(P=0.0001) of the EMG-moment relationship for the extensor muscles. The gradient 
showed a significant increase as the head moved from flexion to extension and the 
extensor muscles shortened (Figure 6.14-a). Furthermore, there was also a significant 
Figure 6.14-a Pffects of head position on the gradient of the EMG-moment 
relationship for the neck extensors. Aý 'full flexion ": B- -haýf flexion", 
C- neutral; D- "haýf extension ", - E '. full extension". 
inter-subject difference in this relationship (P=0.0001). The intercept showed the 
opposite trend to the gradient, and increased significantly as the head moved from 
extension into flexion and the extensor muscles lengthened (Figure 6.14-b). 
Figure 6.14-b Effects of head position on the intercept of the LUG-moment 
relationship for the neck extensors. A- 'full flexion ": B- -haýf flexion 
C-neutral: D- "haýf extension ": E='full extension ". 
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In the case of the flexor muscles, posture had a significant effect on the 
intercept of the EMG-moment relationship (P=0.0002) but not on the gradient. The 
gradient showed a tendency to increase on moving from extension into flexion, as the 
flexor muscles shortened, but this effect was not significant (Figure 6.15-a). 
However, there was a significant inter-subject variation in how posture affected the 
gradient. The intercept tended to increase on moving from flexion into extension, as 
the flexor muscles were lengthened (Figure 6.15-b), thus showing a similar 
relationship to muscle length as that observed for the extensor muscles. 
Figure 6.15-b Lffects of head position on the intercept of the F-AIG-momew 
relationship for the neck flexors. A 'fidl flexion"; B`haýf flexion", - 
C- neutrak Dý "haýf extension": E-'full extension". 
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Mean values of gradients, intercepts, and R-squared values are shown below in the 
Table 6.6. 
ATTEMPTED EXTENSION 
Head Position FLEXION (%ROF) NEUTRAL EXTENSION (%ROE) 
N A B c D E 
G Mean 0.6109 0.8744 1.0408 1.2758*' 1.3250*" 
(pV/Nm) (SD) (0.2649) (0.2 884) (0.5561) (0.7363) (0.5593) 
[SE] (0.0883] [0.0961] [0.1854] [0.2454] [0.1864] 
I Mean 2.92 -1.33* -1.74* -2.36* -5.20*'x' 
(SID) (2.72) (2.19) (2.45) (4.28) (3.56) (Nm) [SE] [0.91] [0.73] [0.82] [1.43] [1.19] 
Mean 0.92 0.9 0.91 0.83 0.87 
(SD) (0.06) (0.07) (0.10) (0.29) (0.17) 
[SE] [0.02] [0.02] [0.03] [0-11 [0.06] 
ATTEMPTED FLEXION 
G Mean 0.1415 0.1404 0.1165 0.1129 0.1101 
(pV/Nm) (SD) (0.0526) (0.0611) (0.0399) (0.0581) (0.0727) 
[SE] (0.0166] [0.0193] [0.0126] [0.0184] [0.0230] 
Mean -1.01 -0.28 2.27*' 1.96*+ 3.44*' 
(S D) (2.54) (2.01) (1.53) (2.18) (3.00) 
(Nm) 
[SE] [0.8] [0.64] [0.48] [0.69] [0.95] 
Mean 0.95 0.95 0.97 0.95 0.88*+'^ 
R (S D) (0.05) (0.05) (0.02) (0.03) (0.14) 
[SE] [0.02] [0.02] [0.01] [0.01] [0.041 
Table 6.6 Gradients and Intercepts for all five head postures in isometric 
contractions. The Post-hoc: FISHER PLSD test was used to investigate 
significance in differences between values o Gs and values of I's for head If 
postures. significant vs. A; ' significant vs. B; ' significant vs. C; ^ significant 
vs. D. Standard deviations in parenthesis and standard errors in brackets. 
6.3.4 Inter-subject variations in EMG-moment relationships 
In the previous section, significant inter-subject differences in the EMG- 
moment relationships with posture were observed. These results suggest that, in 
order to correct adequately for the effects of muscle length in an EMG model of 
cervical spine loading, the relationship between head angle, on the one hand, and the 
intercept and gradient of the EMG-moment relationship on the other, should be 
determined independently for each subject. 
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Exemplar graphs for TRAP (Figure 6.16) and SCM (Figure 6.17) for one 
individual during isometric contractions in attempted extension and flexion 
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Figure 6.16 EMG-extensor moment relationships in a 29 years old male during 
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Figure 6.17 EMG-Ilexor moment relationships in a 29 , vears old male 
during 
isometric contractions of the neck extensors in three different headpostw-es. 
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The full set of individual relationships between head position and both the 
gradient (G) and intercept (1) is shown in Figures 6.18 and Figure 6.19 for females 
and males respectively. Generally speaking, the intercept increased and the gradient 
decreased as the agonist muscle lengthened. Small differences in G for SCM in 
attempted flexion were probably caused by relatively small variations in SCM 
muscle length due to its specific alignment in respect to the head position. The effect 
of muscle length changes is more evident in TRAP for which the changes in G 
throughout head positions are more evident. Overall, these relationships were found 
to be linear (n=19) and only some of them were improved by quadratic regression 
(n=7) or showed very weak relationship and were defined by the mean value (n=6) as 
shown in Table 6.7. 
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HP vs G in Attempted Extension 
Subject Linear fit (G=/I=) R2 Quadratic fit (G=/I=) R2 Mean±SD 
F-20 -0.005-HP+1.141 . 82 8E-06-Hp2_0.005-HP+1.1 17 . 83 
F-22 -0.002-HP+0.762 . 05 -2E-05-Hp2_0.002*HP+0.796 . 05 0.76±0.35 
F-23 -0.001 -HP+0.666 . 12 5E-05-Hp2_0.002-HP+0.526 . 37 0.66±0.20 
F-47 -0.001 -HP+0.344 . 46 -3E-06-Hp2_0.001 -HP+0.353 . 46 0.34±0.07 
M-27 -0-006, HP+1.511 . 99 -1 
E-05-H p2_0.006-HP+1.550 1 - 
M-28 -0.010*HP+1.365 . 99 -4E-06-Hp2_0.01 0-HP+1.381 . 99 - 
M-29 -0-006, HP+1.217 . 91 -6E-05-Hp2_0.005*HP+1.355 . 97 - 
M-50 -0.003*HP+0.699 . 91 2E-06-Hp2_0.003-HP+0.692 . 93 - 
HP vs I in Attempted Extension 
F-20 0.044*HP-1.986 



































34 -3E-05-Hp2+0.025-HP+1.320 . 
34 1.49±2.53 
HP vs G in Attempted Flexion 
F-20 -0.0009-HP+0.136 . 59 
2E-05-H p2_0 . 0012-HP+0.093 . 
82 - 
F-22 -0.0001 -HP+O. 110 . 






























HP vs I in Aftempted Flexion 
F-20 -0.048-HP+1.223 . 




43 -1 E-04-Hp2+0.007-HP+0.822 . 
77 - 
F-23 -0.016-HP+2.821 . 
63 3E-04-Hp2_0.01 9-HP+1.700 
. 
95 - 
F-47 -0.020-HP+0.496 . 




M-27 -0.074-HP+0.195 . 
81 -6E-04-Hp2_0.066-HP+1.770 . 
86 - 
M-28 -0.029-HP+0.132 . 
84 -3E-04-H p2_0.0 1 9-HP+1.000 . 
97 - 
M-29 -0.070-HP+3.001 . 






36 -7E-04-H p2+0.025-HP+1.753 . 
98 - 
Table 67 Head position (HP) and G, and HP and I relationships defined by linear 
regression, quadratic regression and simple mean value for all subjects (n = 8). The most 
appropriatefunctions used later in dynamic EMG are in bold 
Furthermore, reproducibility of our model was investigated based on data sets 
from one subject. Both, G and I in attempted flexion and extension for all three tests 
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were plotted on the same graph for comparison (Figures 6.20 - 6.23). Graphs M-27A 
and M-27B were obtained from two consecutive tests performed on the same day 
with EMG electrodes at the same place. Graph M-27 was obtained from the same 
subject on another day with new EMG electrodes placement. Repeated measures 
ANOVA's on these calibrations showed no significant difference between repeated 
tests (P>0.05) except for intercept in attempted flexion between two test on the same 
day (P=0.02) (see Figure 6.23 M-27A and M-27B). 
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Figure 6.21 A comparison of the head position and I relationships between tests for 
male 2 7years old in attempted extension (TRAP agonistic activity). 
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Figure 6.22 A comparison of the head position and G relationships between tests for 
male 27 years old in attemptedflexion (SCA4 agonistic activiýv). 
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Figure 6.23 A comparison of the head position and I relationships between tests for 
male 27 years old in attempted. flexion (TRAP agonistic activity). 
The interclass correlation coefficients (ICC's) were found to be overall very 
good (0.685-957) indicating good repeatability in all cases except for the gradients in 
attempted flexion (-5.606-0.198) as can be seen in Figure 6.22. 
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6.4 Discussion 
Subjects from our study were on average weaker in comparison with previous 
neck strength studies (Table 6.3) with men being 36% and 33% and women being 
68% and 56% weaker in extension and flexion respectively. It was noted that three 
female subjects did not attempt isometric contractions with such eagerness as the 
fourth one and therefore they were relatively weak and their mean maximum 
moment was 69% lower in extension and 50% lower in flexion. Furthen-nore, the 
strongest female subject was familiar with the technique and felt much more 
comfortable during the protocol. That is probably why there is a higher difference in 
the mean maximum moment in women than in men when comparing previous 
studies with this one. Another concern was the point on which the bending moment 
was resolved because for all previous studies, the midpoint of line from the C7 
spinous process to the sternal notch was taken and in this study the centre of the C7- 
TI disc was used. The centre of the C7-TI disc is higher so the lever arm is shorter 
which effectively lowered calculated bending moment. However, this can only 
partially explain lower level of generated maximurn moments (approximately 35% 
lower) because if this is fully explained just by the differences in external lever arm 
then this lever arm should be on average shorter by 6.4 and 5.8 cm for men and 5.7 
and 4.3 cm for women in extension and flexion respectively. Finally, in this study 
subjects were focused not only on generating the maximum moment but also on 
increasing the force as gradually as possible, which could as well influence the level 
of maximum voluntary contraction (MVC). 
There is a number of issues which could introduce errors into EMG model at 
this stage of development. Firstly, an ideal isometric contraction without any 
movement is only theoretical and there is always slight movement introduced, 
especially when approaching the maximal effort. This was minimised by strapping 
the subject's torso to the chair which kept the mean SD for both Fastrak sensors (S3 
and S4) well below 2' (1.7% of the full ROM). Secondly, predicting the centre of the 
C7-T1 disc from MRIs introduces an error in external lever arm estimation. The 
horizontal distance "d", from S1 to the C7-TI disc centre, varied on average by 5% 
(df_a, e=8.2 cm; SDa, ---0.41 cm). An effect of that variation on the external lever arm 
(df) depends on the angle (a) between the horizontal line and the line of generated 
force, and can range from 0 cm (in neutral head position a=O*) up to 0.41 cm (in 
"full" flexion or extension a--90'). This maximal error is theoretical because in 
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reality a never reached 90' in neither "full" flexion nor extension. 
The head positions performed under MRI scanner were on average 49% and 
55% of full flexion and extension respectively which was less in comparison with 
head positions in isometric contractions (75% and 60%). Therefore, there is some 
uncertainty about the position of the centre of the C7-TI above the range of flexion- 
extension achieved during MRI because no relationship was found between the 
distance "d" and the head position. 
Overall, the EMG-Mornent relationship was found to be highly linear with R- 
squared values being on average 0.91. Previous investigations in neck muscles 
showed also linear relationship (Keshner et al., 1989; Queisser et al., 1994) but in 
some cases also curvilinear relationships were obtained (Schuldt and Harms- 
Ringdahl, 1988b). Furthermore, highly linear relationships between EMG and 
generated moment were also shown in studies on lumbar spine for erector spinae 
muscle (Seroussi and Pope, 1987; Dolan and Adams, 1993). 
Both, head position and G and head position and I relationships were defined 
for each individual as well as average values for the whole group. Effects of head 
posture on EMG signal from trapezius were more evident than from 
sternocleidomastoid. A possible explanation could be that these differences are due 
to differences in anatomical alignment of these muscles. The changes in length of 
sternocleidomastoid are probably not linearly proportional to the head posture in 
sagittal plane since these muscles are not attached to the spine directly. Relatively 
small differences between gradients for all five head postures in these muscles 
indicate that even for maximum flexion (75% of full flexion) or extension (60% of 
full extension) head position these muscle are still operating approximately in their 
optimum length. 
Interestingly, the negative values of intercept were obtained for both trapezius 
and stemocleidomastoid. One explanation for this could be an error in estimation of 
the head mass and its centre hence the bending moment acting from the weight of the 
head, which (especially in full flexion) was relatively high in comparison with the 
generated moment. Another possibility is an error in determination of the EMG- 
moment relationships for low level of EMG activity. Linear correlations were fitted 
in time slices of isometric contractions so the initial part of contraction was not taken 
into account due to signal processing (smoothing with moving average). A power 
function to relate muscle activity to levels of exertion between 0 and 30% of 
maximum was developed by Sundelin and Hagberg (Sundelin and Hagberg, 1989). 
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Finally, co-contraction of antagonist muscles during calibrations could affect 
intercept as well and this issue need to be investigated in the future. 
6.5 Conclusions 
Statistical analysis showed significant intersubject differences which impose 
application of individual calibration data from each subject in order to correct for 
muscle length effects so that moments can be more accurately predicted from EMG 
measurements. To increase accuracy further, all functions fitted into EMG-moment 
relationships were tailored individually (Table 6.7) so the linear as well as the 
curvilinear regressions or sometimes simple average were applied. These are used 
later in combination with lever arms from previous chapter in order to determine 
compressive forces acting on the cervical spine. 
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CHAPTER 7 
NECK MUSCLE FORCES DURING DYNAMIC ACTIVITIES 
7.1 Introduction 
In the final part of this thesis, information obtained in Chapters 5 and 6 will 
be used to make a first estimate of the compressive forces acting on the cervical 
spine during daily activities. 
As mentioned previously, in order to predict force generation from EMG 
activity, in a dynamically contracting muscle, the effects of contraction speed and 
muscle length must be accounted for. Work described in the previous chapter 
demonstrated how the EMG-moment relationship for both the trapezius muscle and 
the sternocleidomastoid muscle was influenced by posture (and hence muscle length) 
throughout the range of head movement, and this information can be used to correct 
for such influences in dynamic activities where muscle length is constantly changing. 
However, during dynamic muscle contractions, the relationship between EMG and 
force generation is also influenced by the speed of contraction. This effect was first 
demonstrated by Bigland and Lippold (Bigland and Lippold, 1954) who investigated 
EMG-force relationships in human calf muscles during isometric, concentric and 
eccentric contractions. They found that the EMG/force ratio increased during 
concentric contractions, and that the extent of the increase was related to the speed of 
shortening. However, during eccentric (lengthening) contractions the EMG/force 
ratio remained unchanged when compared to isometric contractions. In a later study 
on the erector spinae muscles, Dolan and Adams showed a similar influence of 
contraction speed on the EMG/force ratio during concentric contractions, and by 
examining the increases in this ratio over a range of angular velocities they were able 
to derive equations that could be used to account for this effect (Dolan and Adams, 
1993). 
141 
Chapter 7, Neck Muscle Forces During Dvn a mic Act ivities 
At present, there is no data available in the literature that explains how the 
speed of contraction influences the relationship between EMG and force generation 
in the muscles of the neck. Therefore, in the present study, the equations determined 
for the erector spinae (Dolan and Adams, 1993) will be used to derive velocity 
correction factors for the trapezius and sternocleidomastoid muscles. These 
correction factors will be used to account for increases in the EMG/force ratio during 
dynamic concentric contractions. The dynamical ly-corrected EMG will then be used 
to predict flexor and extensor moments acting on the cervical spine, using 
information from the isometric contractions performed in Chapter 6. Finally, muscle 
lever arms will be predicted, throughout the range of dynamic movement, using data 
from Chapter 5, and these will be used to determine the compressive forces on the 
cervical spine from the bending moment data. 
7.2 Methods 
7.2.1 Subjects 
All subjects who participated in the study described in Chapter 6 (see Table 
6.1 for details) also gave their informed consented to take part in the present study, 
which was approved by the Local Research Ethics Committee. 
7.2.2 Protocol 
After performing the isometric contractions described in the previous chapter, 
the EMG electrodes and Fastrak sensors were left in place while each subject 
performed a number of simple activities which are described in Table 7.1. During 
each activity, the surface EMG signal was recorded bilaterally from the 
stemocleidomastoid and trapezius muscles, and head position was recorded 
simultaneously using the Fastrak, as described previously. During more static 
activities, such as working at a computer, recordings were obtained over 5 seconds. 
During lifting activities, recordings were made over 10 seconds to enable subjects to 
complete each one in their own time. For the lifts, maximum loads were restricted to 
10kg for men and 6 kg for women, to comply with EU guidelines on manual 
handling in the workplace. All lifts involved lifting and lowering of the specified 
load and subjects were asked to start and end each lift by standing relaxed with the 
head in the neutral position. 
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Activity Description 
Standing Standing straight with the head in neutral position 
Rucksack Standing straight with the head in neutral position whilst carrying a 
Standing rucksack (weight 1 Okg for men and 6kg for women) 
F- Sitting comfortably on an office chair and operating a standard PC 
U) Computing keyboard 
Driving Simulating a driving position with arms positioned as if gripping a 
steering wheel 
FWP Lifting a pen (P) from the floor (F) up to waist level (W). 
FW Lifting a weight from the floor (F) up to waist level (W) (1 Okg for men and 6kg for women) 
WHP Lifting a pen (P) above the head (H) from waist level (W) 
z WH Lifting a weight above the head (H) from waist level (W) >- (1 Okg for men and 6kg for women) 
FHP Lifting a pen (P) above the head (H) from the floor (F) 
FH Lifting a weight above the head (H) from the floor (F) (1 Okg for men and 6kg for women). 
Table ZI Description of daily activitiesfor which compressive forces acting on the C7- 
TI disc were quantified using our EMG model. 
7.2.3 Measurement set-up 
EMG electrodes and Fastrak sensors were attached as described for the 
isometric contractions (Figure 7.1). A hypoallergenic surgical type Transpore TM (3 M 
Healthcare, Germany) was used to create a support for the EMG leads which allowed 
them to slide freely and reduce their movement to a minimum. The leads were 
checked constantly by one of the investigators throughout the testing protocol in 
order to reduce any movement artefact on the EMG signal. 
7.2.4 Data acquisition 
EMG signals were recorded at 1024Hz, band-pass filtered by a differential 
amplifier (Biodata, Manchester, UK) in the range 8-100OHz, and stored on a PC for 
subsequent analysis. Recordings from the four Fastrak sensors were obtained at 30Hz 
in order to deten-nine changes in head position throughout each movement. Head 
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_S ENG Figure 71 A schematic diagram rix 
of the measurement set-up for the 
dynamic activities. Note that both 
the helmet and EA IG reference 
electrode are not shown here. 
angles were expressed as a percent of the range of head flexion or extension, as 
deten-nined in Chapter 6, to enable corrections based on the relative muscle length to 
be made to the EMG signal. The change in head angle with respect to time was also 
used to determine the angular velocity throughout each movement to enable the 
dynamic EMG to be corrected for velocity effects during concentric contractions. A 
schematic diagram of the data acquisition set-up is shown in Figure 7.2. 
EMG Lead EMS Head Box EMO Amplifier 
Conector 
FMG 
Fastrok Junction Box 





Acquisiflon EMS Data 
Q AcquIaltlon 
AI% 
Data analysis -4 
(M atlab, Excle 1) 
Figure Z2 A schematic diagram of the data acquisition systemfor dynamic activities. 
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7.2.5 Data analysis 
Initially, EMG signals underwent the same data processing sequence as that 
described for the isometric contractions 'In Chapter 6. This involved full-wave 
rectification (EMGfwr), averaging the rectified signal frorn the right and left sides, 
and smoothing this data using a moving average with a 0.4 sec window (EMG, v, ). 
An exernplar graph presenting EMGfwr and EMG... for one of the dynamic activities 










Figure 7.3 The jull-wave rectified EAIG signal (EAfCfi,, ) and the linle-averaged E-AfG 
(E'AfG,, ) recordedfor Irapezius muscle during lifting the weighiftom thefloor above the 
head and return by 27 years old male. 
The head angle (0) was determined by calculating the angle between the S3) 
sensor on the forehead and the S4 sensor on the sternum, as described in Chapter 6. 
However, during the dynamic tasks, values were not averaged but were recorded at 
30Hz throughout each movement to enable changes in head position (and hence 
muscle length) to be deten-nined. 
The next step in the analysis involved correcting the smoothed EMG signal, 
acquired during the dynamic activities, for velocity effects. The angular velocity of 
any head movernent was calculated by differentiating the head angle (0) with respect 
to time. Velocity data, like the original Fastrak data, was determined at 30Hz. 
Therefore, EMG data, acquired at 1024Hz, was first reduced to provide data points 
that corresponded to those time points at which Fastrak measurements were obtained. 
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During concentric muscle contractions, the dynamic EMG signal was then corrected 
using the formula determined previously by Dolan and Adams for the erector spinae 
muscles (Dolan and Adams, 1993). They showed that the ratio between dynamic and 
isometric EMG (E/Eo), when standardised for force, was linearly related to angular 
velocity as follows: 
EI EO =I +A -dO I dt where dOldt is the angular velocity, determined as the 
rate of change in lumbar curvature during lumbar extension. In this equation, A is a 
function of lumbar curvature (muscle length) defined by the following equation: 
A= 0.0014-e 0.045-P , where P is the percentage of the full range of lumbar 
flexion between the erect standing and fully flexed position. Figure 7.4 shows how 
the mean values of A in Dolan and Adams study depended on lumbar curvature 









Figure Z4 The relationship between A and lumbar flexion (P) was defined by an 
exponential function. P was expressed as a percentage of each subject's range offlexion 
between erect standing (0016) and full flexion (100%). Data shown here are the mean 
values for six subjects and bars indicate the standard error of the mean. (Adapted ftom 
Dolan andAdams, 1993) 
In the present study, dynamic EMG signals were corrected for velocity effects, using 
the equations above, when muscles were shortening from a lengthened position 
towards their resting length (i. e. in the range between full head flexion and the 
neutral position for trapezius, and between full head extension and the neutral 
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position for sternocleidomastoid). In these circumstances, P was deten-nined as the 
percent range of flexion or extension, for trapezius and stemocleidomastold muscles 
respectively, in order to calculate appropriate values of A during the dynamic 
activities, and angular velocity (dOldt) was calculated by differentiating the head 
angle with respect to time, as mentioned above. An exemplar graph showing the 
corrected EMG for TRAP, and the associated head angle and angular velocity 
throughout one of the dynamic activities is shown in Figure 7.5. 
350 
- EMG_ave (ýN x 10) 
300 
- EMG corrected (ýN x 10) 
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Figure 7.5 Data obtainedftom a 27 
- 
vears old male subject when lifting and lowering a 
1 Okg weight firom the floor above the head. The full-wave rectified and smoothed EMG 
signal of the trapezius muscle is shown before (in black) and after (in red) being 
correctedfor the effects of contraction velocity. The head position and angular velocity 
are shownfor comparison. 
The corrected EMG (EMG,,,, ) was then used to determine the bending 
moment acting about the C7-TI disc using the individual EMG-moment data 
obtained in Chapter 6. Briefly, for any given head angle during each activity values 
of both the gradient (G) and intercept (1) of the EMG-Moment linear relationships 
were determined for each individual subject using the appropriate equations as 
indicated in Table 6.7. The moment was then determined from the following 
equation: 
Bending moment = EMG,,,, *G+1, using the predicted values of G and I for 
each head position throughout the movement. This procedure was perfon-ned in all 
subjects, for both TRAP and SCM muscle so that the extensor and flexor moments 
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acting throughout each activity could be cornputed simultaneously. An example of 
the corrected EMG and the corresponding extensor moment during an overhead lift 
is shown in Figure 7.6. 









Figure 7.6 Smoothed and corrected EAIG activity of TR4P and computed extensor 
moment when subject (M-2 7) lifted aI Okg weight ftom the floor above the head and 
returned Note that standing with the weight above the head generated the peak extensor 
moment. 
It was noted that in some cases, where EMG values were very low, the flexor or 
extensor moment, computed from the flexor or extensor muscle activity respectively, 
was slightly negative which was probably due to the overall error in our model. 
Therefore, such values were defined as zero for the purposes of calculating the total 
compressive force acting on the C7-T1 disc (see below). An exemplar graph of both 
extensor and flexor moment during an overhead lift is shown in Figure 7.7. 
The very last step in the analysis involved compressive force calculation from 
the predicted extensor and flexor moments. In order to calculate compressive forces, 
these moments were divided by the resultant lever arms for the extensor and flexor 
muscles which were obtained in the MRI study described in Chapter 5. In the MRI 
study, resultant muscle lever arms were determined in three head positions only. 
Therefore, in the present study, linear regression was used to predict the resultant 
lever anns throughout the full range of head movement in the sagittal plane, using 
the individual lever arm data obtained for each subject who underwent the MRI 
investigation. in the case of the two female subjects who did not take part in the MRI 
study, resultant muscle ]ever arms were predicted using linear regression on the 
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Figure 7.7 Extensor andflexor moment generated when a subject (M-2 7) lifted aI Okg 
weight from the floor above the head and then lowered it to the floor. Notethatsome 
marginally negative values are due to the overall error in our model. 
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Figure 7.8 Compressive force acting ftom extensor and flexor moment and total 
compressive force acting on the C7-Tl intervertebral disc when subject (M-27) lifted 10 
kg weight above the head and returned 
averaged data from all female subjects investigated (n=6). This approach was chosen 
because no predictors were found amongst the anthropometrical measures for female 
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subjects when tested with ANOVA (see Chapter 4). Compressive forces associated 
with both the applied extensor and flexor moments were summed to define the total 
compressive force acting on the C7-TI disc, as shown in Figure 7.8. In the case of 
static activities, e. g. computing or simulated driving, the average compressive force 
was computed throughout the activity, whereas for dynamic activities, such as lifting, 
the peak compressive force was determined. 
7.3 Results 
7.3.1 Muscle forces during static activities 
In static activities such as computing or driving, the average extensor and 
flexor moment were defined as shown in the Table 7.2. 
Mean Extensor Moment (Nm) 
Subject Standing Rucksack Computing Driving 
F-20 0.17 0.34 3.60 0.61 
F-22 1.73 1.83 3.86 1.21 
F-23 0.60 -0.49 3.78 1.65 
F-47 1.93 2.53 2.73 1.79 
M-27 2.00 1.60 6.35 3.70 
M-28 0.56 0.12 3.82 1.11 
M-29 4.80 N/A 10.60 7.70 
M-50 3.43 4.64 4.23 3.09 
Mean±SD 1.90±1.57 1.51±1.74 4.87±2.53 2.61±2.30 
Mean Flexor Moment (Nm) 
Standing Rucksack Computing Driving 
F-20 1.42 1.43 0.40 1.73 
F-22 1.06 1.03 1.11 1.13 
F-23 1.42 1.44 1.29 1.62 
F-47 0.61 0.62 2.04 0.81 
M-27 0.60 1.45 -1.60 -1.00 
M-28 0.38 0.57 -0.08 0.43 
M-29 3.30 N/A 1.25 1.70 
M-50 2.17 2.24 1.67 2.28 
Mean±SD 1.37±0.97 1.25±0.58 0.76±1.17 1.09±1.03 
Table Z2 Extensors and flexors moments acting on the C7-Tl 
inferverfebral disc during static activities. 
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Based on the lever arms and the average head position, the compressive 
forces acting on the C7-TI disc were computed for each individual as shown in the 
Table 7.3. 
Mean force acting on the C7-Tl disc during dynamic activities (N) 
Subject Standing Rucksack Computing Driving 
F-20 72 77 124 100 
F-22 105 107 169 92 
F-23 87 68 189 130 
F-47 84 101 177 90 
M-27 60 76 140 86 
M-28 35 33 107 52 
M-29 260 N/A 321 265 
M-50 181 213 179 176 
Mean±SD 110±74 96±57 176±65 124±68 
Table Z3 Mean compressive force acting on the C7-Tl interverfebral disc 
during static activities. 
7.3.2 Muscle forces during dynamic activities 
In dynamic activities such as lifting, the peak extensors muscle moments with 
relative flexors muscle moments and the peak flexors muscle moments with relative 
extensors muscle moments were all defined from the graphs and are shown in the 
Table 7.4. Overall, the peak extensor muscle moment with its relative flexor muscle 
moments produced higher compressive forces on the C7-Tl disc. 
Peak Extensor Moment during lifting activities (Nm) 
Subject FWP FW WHP WH FHP FH 
F-20 11.23 15.44 22.80 38.82 33.60 35.72 
F-22 8.88 16.53 23.67 32.90 29.42 37.42 
F-23 14.22 24.67 22.95 48.19 31.42 45.74 
F-47 6.29 7.75 16.20 23.32 23.75 32.18 
M-27 30.84 26.75 17.41 34.17 25.86 40.27 
M-28 13.32 35.39 27.90 131.32 29.07 115.57 
M-29 18.23 46.90 41.43 85.59 50.71 90.06 
M-50 10.18 10.38 24.61 26.75 16.83 25.00 
Mean±SD 14.1±7.6 23.0±13.3 24.6±7.8 52.6±37.3 30.1±9.8 52.7±32.2 
Table 7.4 Peak extensors moments acting on the C7-Tl interv, ertebral disc during lifting 
activities. Note that abbreviationsfor activities were defined earlier in the protocol. 
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Peak Flexor Moment during lifting activities (Nm) 
Subject FWP FW WHP WH FHP FH 
F-20 4.08 4.66 2.09 1.98 3.42 4.54 
F-22 1.08 1.06 1.10 1.09 1.23 1.11 
F-23 2.89 3.21 1.88 3.32 2.90 3.67 
F-47 0.67 0.85 1.84 2.39 2.35 3.81 
M-27 3.41 3.83 1.01 1.24 3.96 4.21 
M-28 0.83 0.95 2.12 9.02 1.80 6.58 
M-29 6.40 5.52 3.00 3.00 7.43 6.67 
M-50 2.08 1.84 2.27 2.65 2.35 3.13 
Mean±SD 2.7±1.9 2.7±1.8 1.9±0.6 3.1±2.5 3.2±1.9 4.2±1.8 
Table 7.5 Peakflexors moments acting on the C7- TI intervertebral disc during lifting 
activities. Note that abbreviationsfor activities were defined earlier in the protocol. 
Peak compressive force during dynamic activities (kN) 
Subject FWP FW WHP WH FHP FH 
F-20 0.49 0.64 0.68 1.22 1.05 1.12 
F-22 0.28 0.49 0.73 1.04 0.91 1.18 
F-23 0.57 0.90 0.87 1.78 1.11 1.64 
F-47 0.19 0.22 0.53 0.77 0.78 1.09 
M-27 0.71 0.64 0.37 0.75 0.62 0.89 
M-28 0.36 0.86 0.87 3.94 0.86 3.53 
M-29 0.74 1.36 1.12 2.24 1.36 2.40 
M-50 0.28 0.29 0.70 0.78 0.49 0.75 
Mean±SD 0.45±0.21 0.67±0.37 0.73±0.23 1.56±1.10 0.90±0.28 1.57±0.94 
Table 7.6 Peak compressive forces acting on the C7-T] interverlebral disc during lifting 
activities. Note that these were calculated based on the maximum extensor moment and 
relatedflexor moment. 
7.4 Discussion 
The lowest compressive forces predicted by the EMG model were found for 
subject in standing and in standing with rucksack. Both of these activities generated 
approximately 100 N on the cervical spine at the level of C7-TI. Driving and 
computing were deten-nined to be significantly (P<0.05) higher rising up to 124 and 
176 N respectively. Despite the possible errors, this showed a good sensitivity of the 
model even at low levels of muscle activity. Differences between compressive forces 
generated during these static activities are due to the increasing flexion of the head, 
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hence moment generated from the weight of the head. 
During dynamic lifting activities, the compressive forces for the maximum 
extensor moment were taken into consideration and the related flexor moments were 
added because these were higher than maximum flexor moment. The peak 
compressive forces when lifting a pen from the floor up to the waist level were 3-4 
times higher than static activities and lifting the weight in the same manner increased 
the peak compressive forces by approximately 49% (P<0.05). The same trend was 
shown for lifting a pen/weight from the waist level overhead and for lifting a 
pen/weight from the floor overhead. In these activities, replacing a pen for the weight 
increased the peak compressive forces by 114% (P<0.05) and 74% (P<0.05) 
respectively. The highest peak compressive forces were determined when lifting the 
weight from the floor overhead (Table 7.6). Average values may be on the high side 
for some activities, nevertheless the technique was able to show significant 
differences in cervical spine compression when comparing lifts of different load and 
in different positions. 
There are a number of possible reasons for errors in predictions of this EMG 
model. Velocity correction factor was inadequate but probably this was not the main 
reason since most subjects did not have high angular velocities during head 
movement. Velocity was generally low so that in most people the velocity correction 
didn't greatly alter the predicted moments. There were changes in muscle length that 
are not associated with changes in head angle and the highest values suggest that 
raising the shoulders can shorten the neck extensors for any given posture, 
invalidating the comparison with static EMG-moment calibrations. If the very high 
predictions always occur during overhead lifting when the shoulders can be raised 
relative to the neck, then this might be evidence to support this suggestion. In this 
case, we might expect to get more reasonable predictions when lifting from the 
ground to waist height, where there will be no upward movement of the shoulders. 
However, the fairly large differences in compression between lifting the pen and the 
weight overhead suggest that the large values when lifting overhead are not just due 
to errors in the technique. 
The electrode placement relative to the underlying muscle fibres was not 
optimal, which was more problematic for the trapezius muscle where changes in 
fibre orientation may occur as the head position changes. This could be investigated 
with electrodes in several locations over the muscle to determine the optimal 
placement. Furthermore, the electrodes were moving relative to the underlying 
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muscle during the dynamic contractions in such a way as to pick up cross-talk from 
other adjacent muscle groups and better anatomical knowledge may help improve 
electrode placement in the future. 
Finally, the activity of the TRAP and SCM muscles was not always 
representative of that of the extensor and flexor muscle groups as a whole. 
Additional muscles could be added in future recordings to average their activity as it 
is done for thoracic and lumbar erector spinae. 
7.5 Conclusions 
Peak compressive forces acting on the cervical spine were found to be on 
average between 450 - 670 N when various objects were lifted from the floor to 
waist height. Lifting objects overhead caused predictions of compressive force to 
range on average from 730 - 1570 N, depending on the weight of the object. 
A comparison of typical compressive forces acting on the cervical spine (0.4 
- 1.6 kN) with its compressive strength (2.4 kN on average for ultimate failure, 1.2 
kN for microdamage) suggests that fatigue damage to the cervical spine is a 
possibility, especially when individual (rather than average) values are considered. 
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CHAPTER 8 
SUMMARY AND CONCLUSIONS 
The purpose of the work in this thesis was to evaluate the role of mechanical 
loading in general, and muscle forces in particular, in the etiology of cervical spine 
degeneration and neck pain. The following hypothesis was tested: that an overlap 
exists between the range of values of peak compressive loading on the cervical spine 
in-vivo and values of fatigue compressive strength of cadaveric spines of comparable 
age. Experimental work was divided into two major parts: in-vitro and in-vivo. In the 
first, the strength in bending and compression of the cervical spine was investigated 
including an important aspect of load sharing. The values of the strength in bending 
obtained at the level of clinically relevant injury determined at yield point were 
reported for the first time as well as the impact of various structures on load bearing. 
The first task was to measure the forces required to damage the cervical 
spine. Cadaveric cervical "motion segments" consisting of two vertebrae and the 
intervening disc and ligaments were subjected to complex mechanical loading in 
bending and compression on a hydraulic materials testing machine. Nineteen 
specimens aged 64 - 89 years, and from C2-3 to C7-TI were tested. Specimens were 
loaded to simulate full flexion and extension movement right up to the yield point, 
which is probably the clinically-relevant threshold of injury in bending. On average 
this limit was reached after 8.5 deg and 9.5 deg respectively, with bending moments 
of 6.7 and 8.4 Nm. Female specimens were weaker, and only the female specimens 
showed an age-related decline in strength. Compared to lumbar motion segments, 
cervical specimens had approximately 20% of their strength in flexion, and 34% in 
extension. Most resistance to flexion came from the ligaments lying between the 
spinous processes (48%) and most resistance to extension came from the apophysial 
joints (47%). 
The same motion segments were also loaded in compression, and the 
resistance to compression from various structures was inferred from changes in 
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compressive stiffness, and in disc compression, after each structure was surgically 
removed. Disc compression was quantified by measuring stress distribution inside 
the intervertebral disc using a miniature pressure transducer, and then effectively 
integrating pressure over area using a mathematical model. Results from both 
techniques indicated that the neural arch resisted less than 10% of applied 
compressive loading in the simulated neutral and flexed postures. However, in 
extended (lordotic) posture, and after creep loading had reduced disc hydration and 
height by approximately 6%, the neural arch resisted approximately 34% of the 
applied compressive force, with the greater part of this resistance coming from the 
apophysial joints. 
The remaining disc-vertebral body units were compressed to failure while 
positioned in the neutral position. Ultimate failure occurred at an average of 2.4 kN, 
while the elastic limit was reached at approximately half of this force. Failure always 
occurred in the vertebral body endplate, and the clinically relevant threshold for such 
brittle fracture is probably the ultimate strength, with the elastic limit marking the 
onset of micro-damage, perhaps to the trabeculae supporting the endplate. Male 
specimens were stronger than female, but there was no age-related decline in strength 
in the fairly narrow age-range investigated. Compressive strength was approximately 
45% of previously reported values for lumbar motion segments, suggesting that the 
cervical spine is relatively stronger in compression than bending. Endplate fracture 
was difficult to visualise on radiographs, but it de-stabilised the disc by reducing its 
resistance to flexion and extension by. 3 )6% and 26% respectively. 
The second experimental part consisted of three in-vivo experiments, which 
fulfilled the main aim and quantified for the first time the level of forces acting on 
the cervical spine in living people during daily activities. Since most spinal loading 
arises from muscle tension, the first task was to measure the cross-sectional area and 
effective lever arms of the main flexors and extensors of the neck. This was achieved 
by performing MRI scans of the neck of 12 volunteers in three different postures, 
using an open scanner. Image analysis techniques were used to measure lever arrns 
and areas, and regression analysis was used to enable these lengths and areas to be 
predicted from convenient anthropornetrics measures such as body height and skin- 
fold thickness. This infori-nation is required not only in the EMG model, but by any 
biornechanical model of the cervical spine attempting to include muscle forces. For 
the first time, neck muscle cross-sectional areas and lever arms were identified for 
the range of flexion-extension in living people. This pioneering study provides data 
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essential to deten-nine later the compressive force acting on the cervical spine in-vivo 
during various daily activities. 
The next step was to relate force and moment generation by the neck flexors 
and extensors to the electromyographic (EMG) activity recorded from the skin 
surface electrodes overlying the upper trapezius and sternocleidomastoid muscles. 
The same human volunteers from the MR1 study attempted isometric flexion and 
extension of the neck, against the resistance of an inextensible cable attached to a 
load cell. Moment generation was linearly related to full wave rectified and average 
EMG, with R2 values averaging 0.91. The gradient and intercept of the EMG- 
moment relationship varied systematically (and in a complementary mariner) with 
muscle length, which was estimated from the angle of flexion or extension of the 
neck relative to the sternum using an electromagnetic angle-measuring device. EMG- 
moment "calibrations" were performed five times for each subject, with neck posture 
varying between full flexion and full extension in both attempted flexion and then 
extension. This way, the relationships between neck muscle length and moment 
generated was quantified and these parameters are essential to determine the level of 
loading based on the EMG signals from dynamic activities. Furthen-nore, this 
information can be also applied to mathematical as well as computer based models, 
in which the muscle forces are simulated. 
Finally, each human volunteer performed later several static and dynamic 
activities such as computing or lifting objects from the floor to overhead. EMG 
activity was monitored at 1024 Hz and neck angle was measured at 30 Hz. Neck 
angle measurements were used to relate EMG activity with the appropriate isometric 
EMG-moment calibration, and hence peak values of extensor and flexor moment 
were obtained for each activity. Moments were divided by average effective lever 
arms for the flexor and extensor muscle groups, using the MR-I data to calculate lever 
arms. This yielded two values of compressive force acting on the neck, one from the 
flexor muscles and the other from the extensors. These two forces were summed and 
added to the weight of the head to give the peak compressive force acting on the 
cervical spine during each dynamic activity. A correction factor was used to account 
for the fact that the EMG-muscle force ratio increases when a muscle is shortening 
rapidly. A correction factor determined previously for the lumbar spine was applied 
to the cervical spine also. Peak compressive forces acting on the cervical spine were 
found to be on average between 450 - 670 N when various objects were lifted from 
the floor to waist height. Lifting objects overhead yielded predictions of compressive 
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force to range on average from 730 - 1570 N, depending on the weight of the object. 
The highest values suggest that raising the shoulders can shorten the neck extensors 
for any given posture, invalidating the comparison with static EMG-moment 
calibrations. However, this does not explain why the weight lifted overhead should 
have such a large influence, and it is possible that exceptionally high muscle forces 
are generated during such activities. The message from this chapter is probably the 
most valuable in scientific terms. For the first time, the forces acting on the human 
cervical spine during daily activities were identified. Furthennore, they were 
determined using an easily applicable EMG technique, which provides an 
opportunity to study forces acting on the neck in particular occupations and 
activities. With improvements, it might be possible to employ an ENIG model in live 
whiplash investigation with the aim of defining forces on the neck not only from 
acceleration of the head but also from the reaction by the neck muscles. 
Overall, this wide range of individual chapters provides a great deal of 
information in relation to biornechanical aspects of the cervical spine. It has been 
shown how current in-vivo and in-vitro techniques can be fit together to provide 
information about the effects of forces acting on the cervical spine. A comparison of 
typical compressive forces acting on the cervical spine (0.4 - 1.6 kN) with its 
compressive strength (2.4 kN on average for ultimate failure, 1.2 kN for 
microdamage) suggests that fatigue damage to the cervical spine is a possibility, 
especially when individual (rather than average) values are considered. It is 
concluded that the results of this thesis support the hypothesis that overlap between 
in-vivo mechanical loading on the neck during daily activities and strength of the 
cervical spine exists. Further work is required to refine the EMG technique for 
measuring spinal compression. In particular, correction factors for muscle 
contraction velocity are required which are specific for the neck muscles, and the 
length of the neck extensors needs to be better controlled or monitored when the 
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